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\, ABSTRACT
An apparatus and a procedure were developed for precise measuceze~t of
the mixed electrode potential, interface resistance, and interface
capacitance of a corroding metal surface in the presence of polarizing
current. The pethod was used, together with special instruments for
3 measuring corrosicn continucusly, to obtzin data from which quantitative .
; local cel? polarization dlagrams ccuid be constructed. Studles were LT
: Dade on nild steel corroding freely in oxygen-free salt water at p{ 4 - 6, f ':ih-' )
‘ and on this electrode in the presence of several different types of 1 _
- i‘ - ‘_.
corrosion irhibitors. 1Llocal cell polarization data for the inhibited =
i surface were coppared to those of the uninhibited surface, and certain . .
; conclusions were drawn regarding the mechaniss by which inhibitors functien. i - -
P
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INTRODUCTICN

Tne mechanisa of corrosion of metals In contact with electrolytes has _____
been established as an electrochemical cne for many years. Since tha ".“
tine that the electrochenical theory «2s first proposed, the most widely ".'_-:'_
used and revealing method for studyins the elactrical behavior of an ~
electrode in solution has been the zeasurecent of the electrode potential :_;_
as a function of polarizing current. Polarization data resulting from such ;

measurements are usually presented in the form of curves which may be ;

¢ & a

anslyzed in order to draw certain conclusicns about the effect of variables.

The utility of these polarization curves in the study of corrosion inhibitors
is based on the fact that under :he prcper conditicns their slopes can be
clues to interpretstion of the mzaner ir which inhibitors interact with

the metal surface. At best, however, this type of polarization curve (i.e.,
potential vs. applied current) can give only an indirect indication of the
true st>te of polarization on the surface. As pointed out by Mears and
grown {Ref. 1), the polarization chzracteristics of the local cells, rather
than ithose of the surface as a nhole, =ust be deternined before a definitive

icture of the metal-solution interfzce can be constructed.

Local cell polarization dzta, when avzilable and properly presented, are

invaluable for the elucidation of ths cochanisn of corrosion and corrosion

irhibitor action. The rates of ctznge of local anode and cathode potential -

Ll
’

with }ocal cell current indicate which electrode process is controlling o
the corrosicn rate, and changes in these rates of change may be attributed
to adsorpticn of substances at the metal-solution interface. In 2ddition,

the local cell currant corresponding i the point where the polarized
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potenttal difference between anode and cathode areas becomes zers 1s
equal to the limiting corrosion current, and this value is determined by
the slopes of tha potential functions for local anodes and cathodes. Thus,

a knuwledgo of the local cell polarizat¥om corves permits one to account

for observed corrosion bel.ivtor more or less completely.

Unfortunately, however, local coll polarization data are very diffiault
and time contuming to measure by mathods which have been available to workers

in this fleld in the past. Primarily for this reason the appearance of
experimentally determined local cell polarization curves in the literature is
rare, devpite *he unquzstioned interpretative value of such data. That
work which has been reported pertalins to galvanic ccuples or other special
conflguraticns in ahich the anode area 1s distinct and separate from the
cathodo area, thus permitting certain simplifications of technique. To the
knewledge of ke suthors of this report, nc quartitative local cell polariza-
ticn data have heretofore been reported for a corroding mixed electrode on

which local anedes and cathodes are relatively small snd are randonly

distributed,

The maln objective of the work described herein was to determine guantitative
local coll data for one suck mixnd electrode. To facilitate the making of
the required mnjsnremwnts, two new methods for measuring corresion rates
continuously wore employed. These were {a) The Corrosczeter, an instrument
system which moacures loss of metal {anodic corrosicn) directly without
having to remave the specimen from the solutions and {b) a continuous
hydrogen gas analyzer of high sensitivity, which pernits fcllowing the rate
of cathodic reduction of hydrogen icns In the solution. Without these two

instruments 1t would not have boen possible to cbizin the data reported here.
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Secondary obiectives of the work were twofoldt (a) to determine the effect
of certain corrosion inhibitors on the local cell polarization curvesy and
{b) to derive from the data a further insight into the mechanism of
corrosion and of corrosicn inhibiticn. Analysis of the local cell curves
obtained in the presence of corrosion inhipitors should show whether :Pe

observed effects are due to changes in open circuit potentials of local

half-cells, tc increased rate of change of EMF projuced by local cell current,

to increased interfscial resistances, or to some ¢o
This information in *urn would allowm more definite answers than have been
heretofore available to such guestions as: {1) Is the inhibitor adsorbed

preferentially sn local ancdes or local cathedes; {2) Have the basic electrode
processes teen altered ty the irhibitor, or have the reactive areas been
reduced without being essentially changedy and {3) How has the relative

dist~ bution of corrosion current been chang i.

The main bady of this report is divided into four parts. Fart 1 developes

certain fundzmental concepts necessary for a clear understanding of
polarizaticn data. This basic exposition was considered necessary because

of the present a=biguity and lack of agre2zent which rmay be found in the
existing iiterature on pelaiizaticn phenomenon as it relates to the corrosion
process. Fart 2 describes the apraratus and methods used to cbtain the data

for construction of psolarization diagrams. Part 3 presents the numerical

results obtained, and Part 4 discusses these results. The discussion is
devoted to pcinting cut the variosus emperical relatisnships that are evident
from the Zsta and to those interpretative comrments that are supported by the

linited amcunt of data available. A pore exhaustive thecretical analysis

would be teyend the scope cf this work.
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PART Y. THEORY AND BACKGROUND

1.1 It 1s generally recognized that th: corresien of iron {or steei) in

acid solutions is an electrochemicai process in which metal dissolves at
relatively anodic points and hydrogen ions are reduced to hydrogen at
relatively cathodic points an the meta; surface. The anodic ar2as undoubtedly
exhibit a variety of electrode potentials within a certain ranae of vaiues,
and the same ray be said for cathode areas. To assist ia the analysis of

this distributed electroces activity, it is ccavenient to lump ali anodes
together and assion an average value of anodic potential, EA’ angd of
interfacial resistence, Ry. The same may be done for the cathodes giving

2 lumped cathodic potential Ec, and resistance Rc.(l)

1.2 For the hypothetical case in which ro net current flows at the ancdes,
the potentlal difference acrosc the metal-solution interface would be

E, = (EA)L the so-called Tepen-circuit® potential of the anodes. If no

net current were flowing at cathodes, the measured potential there would

be E¢ = (Ec)o, the ®open-circult™ potential of the cathodes. However, in all
cas~< where corrosicn occurs, scme current does flow at anodes or cathodes or
beth. The respective potentials then are no lenger equal to {EA)O and (Ec)o,
ard are said to be "polarized.® The study cf corrosion phenomenon so often
involves measurement of polarized potentials that certaln practical definitions

of electrode potential which include IR drops have come into use. The

(1) Electrode potentizl symbols £y and £~ will be used in this report to
cesignate true E¥F'<, and are intended to include both activation energy
effects and diffusion or concentration effects. Resistance symbois R

and R will be used to designate that porlion of any change of potential
drop across an interface that varies linearly with current. According to
the tneory of electrode reacticns, £a and Ecy, and to seme extent Ry and Rgy
are functions of the respectiv~ current densities.
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following discussion is intended 20 distinguish betwcen several of these

335 they relate to the prasent research.

1.2 If some net anodic current, 1,, flows {awreat flowing froe local
anoder int> the soluticn}, the average poteniizl Zifference across the
! interfz-e 3¢ anodic peints wiil be

POy = E, ¢+ 1R, {Sqzation 1)
Sirilarly, when a net cathodic current, ig, flows (current froo solution
to the cathsdes) the average potential differexce acress the interface at
cathodic points will be

PO = B¢ - IcRp {Equation 2}
Equatiors 1 and 2 constitute the definitions ©f the ®polarized local anode

rotential® and the ®polarized local cathole pclactial® that will be Used

in this report.

1.3 Individua' a.32e and zathode potentials zoe scaswhat nypothetical for
steel unda2rgoin,, cerresion In 2cid solution, iImzsmich as jocal ceil activity

is distributed rando=ly over the surface. For fnis case, the nsture of the

IR T P

electrods potential may be 2nalyzed as followss If 3¢ < zssuned that the
resistance through the eleciolyte is negligitle alien coopared to By ¢ R
{a valid assu=ptica vhen ceraosica is uniforz and lecal cells zre close
together), then the electrochenical behavicr of the corroding metal surface
may be represented by a sizple eguivalent cir==it such as thzt shown in
Figure 1. Azcording to this picture, the 3ozai incde potentlal and local
catheda potential are each polarized to the sz=e wvalue 2t the s lutlion side
of the zlectrocherical roundary layer (Point P, Ficure 1). Thus, the

potential difference between P and ¥, Fiqure 3, is given by

—~ e,
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Ey ¢ 1)Ry = Ec - icRc = POp (Equation 3)
The potential difference expressed bv Equation 3 is the so-called ®mixed
electrode petentlal,®™ and is the potential difference that will be
measured between the corroding melal and any reference half-cell located
in the surrounding electvnlyte, after the total potentlal difference has

kteen corrected for any IR drops due to flow of current through the electro-

iyte as a whole. These remarks tegether with Eqiation 3, serve to define : . JRNEN et

the "potential™ of a mixed elsctrode for the purpose of this report. NS

1.4 Another concept of the mixed electrode potential appears in the litera-
ture, and should be clearly differentlated from the above. Scme authors

prefer to consider the potential to be a function only of the instantaneous

values of E,, RA’ Ec and Re. The defininag equatien is

-

Ep * 1jRy = Ec - 11Rc = PDL {Equation 4) ‘_- -
oo
where { . -
i = Ec - Ey :'
Ry + Rc {Zgvation 5)

PD; will be referred 1o as the *reduced sixed potential.®

1.5 The definiticns of the two typec of rixad electrede potentials given
by Equaticns 2 and < :re general, and are valid whether or not current is
flowing to or from the corroding surface from an externs! source. ¥%hen no
such current is flowing, iy = ic = i1, and Equations 3 and 4 become identical.

In this case no problea arises frco using the two concepts interchangeably. .

Wien current Is flcowiag to or from a remote electrode, iy # ic ¥ i1, and

¢l

so Phyp and PDL diverge accordingly.
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1.6 In the region where PDp and PD; are distinct, due to the e{fect of ::_ S

:.j polarizing current at the interface, a sizple relationship between the ’
. . two potentials is provided by the circuit analogy discusoed in Sectien 1.3. C o
-“ I o ‘.'-
= Referring io Figure 1, it may be shown (See Appendix A) thats T j.'
> - . DS
- PO, =FDp I 1Rg (Equation 6) L
where I, is the absolute value cf the polarizing current, and Rg 1s the R __-,:: .
interface resistance in the path of 1,1 thus * ®
Rg=Ra- Rc. S
R + B {Equation 7) T
J The plus sign i{n Equation 6 apolies to anodic polarizaticng the minus R i -,'_:{'
sign to cathodic polarization. L.: . i."‘
1.7 The argucent has been advanced {e.g., Ref. 2 and 3) that the potential -tj:j ‘ :

designated as PD; Is a “pure®™ potential Inaszuch as PDI_ presuzably centains
ro IR drop due to polarizing current. According to Equatioens 3, 4, and 6,

‘ each is a complex mixture cf ENS's and IR éropes, and neither shouwld be
referred to as "pure.® Thus, the designation of PDp and PD; as ®potentials®

is less a matter of accuracy than of practical convenience.

1.8 Both PDP and PDL deserve attention in a siudy of local cell polariza-
tion and corrosicn. The fermer is scoexhat pore useful in a practical
sens2, in that it is more sensitive to film resistance and corrosion current.
The latier has somewhat more fundaxental significance, reflecting only

local half-cell E¥F's ard electrode resistances as they may be affected by

adscrptien and desorpticn at the interface.

1.9 The eleztrochenical behavior of a corroding metal-solution interface

may be presen ed graphically by oeans of so-ca‘ie. polarizatica dizgrazs C
. (Ref. 4 and 5). 1. *< gesired to distinguish betmesn two different kinds RN
; . K )
3 ——re ae e o Y asad ks S - - .. L A-_- - - ‘ - ._:_ ) --_..{
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of diagrazs which are often not clearly identified in the literature on
corrosion. Cne shall be designated the ®mixed potential polarization
curve,® and the other shall be designated the ®local cell polarization
dlagram.® The former is a plot of the mixed potential vs. the current
Impressed frem £ external sources the latter {local cell) diagram is a
plot of local ancde and local cathode half-cell potentials vs. local cell
current. Both kinds of dlagrams are instructive and both have been com-

piled for each system studied in the present work when the data was

sccessible.

1.10 Because so little quantitative local-cell polarization data has

been reported, no uniforn method of presenting the data has been developed.
The method used In this report was chosen to display the data in a form
ttat was .onsidered to be most easily perceived and understood by those

not entirely faniliar with polarization phencxenon.

1.11 A hypothetical local cell polarizaticn diagraa is shown in Figure

2. The lines marked *Anodic® and *Cathodic®™ are the loci of the variations
of local anvo:c and local cathodic polarized potentials, respectivelv.
Thus, these two lines are described precisely by Equations 1 and 2,

Section 1.2. 1In order to recorstruct such a diagraz for an actual systen,
it is necessary to (a) vary the net anodic {or cathodic) currents in a
known eanner, and (b) measure the ancdic (or cathodic) polarized potentials
corres;onding to known cell currents. According to the concept of local
cell polarization adopted in this werk {See Secticn 1.2) the currents
referred to in (a) above are identical with i A and ic of Equations 1 and 2,
and the potentials of (b) above are identical with PDy and PD; as defined

by Equaticns 1 and 2.
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1.12 These same two equations show that when i, = 0, FD, = (Ep)gs the
®open circuit® potential of the anodesy and when ic = 0, PDc = (Ec)os
the %open circuit® potential of the cathodes. These two open circuit
potentials are fundamental parameters in the analysis of polarization
ochevior, and thus the experimental set-up should be arranged to reduce

iy and i %o zero if possible.

1.13 X:en the anodes are distinct aad separated from the cathodes, as in
soxe galvanic cells, it is possible to vary tha cell current by means of
an artificial resistance inserted in the metallic path. Anode and cathode
potentials may be measured ca separate and distinct areas, and the curves

23y then be drawn ismediately from experimental data. Kost local cell

data reported in the literature has been obtained using such separable ancdes

and cathodes (Ref. 6, 7, 8, 9).

1.14 Ca the other hand, when a2nodes and cathcdes are of microscopic size
and are close together on a single corroding surface (such as they are
during acid cerrosiecn), the enly practical way %o vary iA and ic is to

irpress current freo an extermal scurce. ¥hen the test surface is s=ade

cathodic with respect to the icpressed current, iA is reduced; when the test

surface made ancdic, i is revuced. {Sse Appendix A)

1.15 As specified in Section 1.11, local cell polarization curves consist

of individual polarized potentials defired by Zguations 1 and 2. Individual

anode and cathode potentials carnot be distinguished on a nixed electrode,

hewever, so they must bte determined indirectly. OTnly the rixed potendials

PDp of Equation 3 can be measured opposite the mixed eiecircde. A comparison
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of Equation 3 with Equaticns 1 and 2 shows that PD;, wiil equal PD, when

0% ic < icorr., Where icopy  1s the local cell current correspeading to
the equilibrium corrosion rate. Similarly PDp will equal PD; when
oS ic < icatr. Thus, the anodic branch of the diagram is determined by

cathcdic polarization, ard the cathodic branch is determined by anodic

polarization.

1.16 »rcerding to the abave analysis, the two experimental varlables

which must be measured are (1) the net sanodic or cathodic current flewing

at the surface, and {2) the wmixed potential PDP. During cattodic polariza-
ticn the net anodic current iA is proportional to the rate of loss of

m2tal. This rate data —zy be oblained by weight loss measurexments, as has

been reported {Ref. 1). Howsver, weicht loss methods were considered too
cuzherscme for the type of expericents planned. A continuocus measure of
anedic dissclution was hicghly desirable. At the time tha. this work was

first proposed {153%) a oethod for following the corrosion rate of steel

in acid solution centinucusly by means of hydrogen gas analysis had been
develcped {Ref. 10) and was teing used in this laboratory. Hydrogen is
generated by the cathodic reocticn, 3nd thus is a direct o2asure of anodic

current cnly in the absence of impressed current. When icpressed current

is fleming, the anodic current (i,) may be calculated fron the values of
the izpressed current {I ) and the total cathodic current {iy) calculated

frea the rate of hydrogen evolution. The equation iss

i =iy - I, {(=quation 8)
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1.17 Dering arodic polarization, net cathodic current iIs peasured directly -'_:'_- .
by iy, t.e., i¢ = ip, and thus the continuous hydrogen scalysis technique i
could be used to measure local cell currents for both tranches of the .
polarizatien diagram. This experimental approach was t:=» cne outiined in '7.._‘
the original proposal for contract work. )
1.18 Beiween the time that the proposal was submittes a=d *hz time work __:_
w#as begun, a second and more v-.iversally applicable ==:>é for measuring .,...
corrosion curreat continuousiy had bean developed (R2%. 11). This pethod - -
follows the change in electrical resistance of a metellic specizen, and :'~
thus gives a direct indication of the loss of metal Izom the surface. This *=.':'
data may be used to calculate the total anodic current, iy. This data can F:&'_
also be used to calculate ic resulting from anodic polazizaticn by means f::- N
of a relation similar to that of Equation 8, naxzelys T
ic = iy - I Zgation 9) -8
The data s> oStained could then be used to check that frco hydrogen evolu- {;:-
tion. After certain rinor problems of application hizd tsen werzed out, the E':"':
resistance method proved such simpler to use and more relizble than the ;"—
hydrcgen analysis s2thod. Tharefore, 21l anodic rate Szt were oeasured ?
by the resistance technigue ratner than bs use of Tgzzzion 8. Both metheds
were used 2t different times to measura the cathodic ——crent. v
1.19 The measurezent of mixed potentials in the pres=ce of irpressed
current presents certain exparimental problems. Tha potential difference _
ceasured in any practlcal arrangement will include IR <-ops due to Iy that -:-
have no relation tc the desired polarized potential. =a2ferring to Figure @, 1
8 e
Tt o ) "m‘ "‘ - -- . R . . o .
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the potential difference between J zn? ¥ will be, In general

POy = FDp ¢ IR, {Equation 10)

or, substituting for POp from Equation 62

PDy = FDp # 1,3¢ ¢+ IR, =7D; ¢ I,{Re ¢+ R;) {Equaticn 11)

#zcerding to Zguatien 10, FDp, may ¢ c3lculsted from PDy if the term

IR, can be evaluated. Siailarly, Zgeaticn 11 shows that PDL may be cal-

PR

culated freo PDy if the term I {Ry # 2.) can be evaluated.

1.20 A nu=ber of technigues have been used by other workers to measure

golzrized potentials in the presence sf i=pressad current. Some are
P 123 +

d2signad to elininate the undesired I <ress more or less avtomatically.

Cihers are designed to evaluate the resistances so that the IR terms may

cerstiaBv et oeett e

te deducted algebraicallyv. One methzd of the former type that has been
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h3s been used with certain varia-

PR
®4 iy

tions for 2 nu=Ser of polarizaticn studies relating to the action of corrosion

ichititore {Ref. 13 arnd 14). Holler {32f. 9) mcdified the original circuit

p 23 used a scmewhet Sifferert t2chnigue to study galvanic ccuples. Holler's
; technique was adopted for use in ih2 prssent work because it was designed to
; elizinate the tern I,{R;y + R.) from the zessured potential in a single opera-
3

§ tion ard thus perwmit a relatively sizcle ZJetermination of PDr. The details of

this methed are presented in Part 2.

1.21 ethods involving shori-period imterruption of polarizing current

{Zefs. 15, 16, 17, 18, 17) were considared, but were rejected for the follexing

ceascns. First, the electronic instra—entation required for best resuits

3 vsing these methods is complex and =itht have been difficult to ma2intain
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Second, the widely dlstributed electrical system resulting from the continvous

ol

v ,
IR A I I}
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flow of brine {Ref. 20) would have severely limited frequency response of

Y
.
o
Y
.
G
e

the network, and with it the rapidity with waich the current could be

switched on and off. And third, the interpretation of the data would have
been difficult in view of the apparent lack of agreement betwsen results

cbtained under even ideal conditicns by workers in this fleld.

1.22 A third experimental appreach involves measurement of the cell cen-
stants using alternating current techniques. FPotentials are then corrected
for resistive terms by calculaticn. This approach has the advantage that
=measurecents may be made withcut =aking any abrupt changes in tie D.C.

pelarizing current. —

1.23 Cre of %he earlies: workers to use aliernating curreat for this purpose - -
was Reichenstein {Ref. 21), who determined the equivalent of Ef and Cf. e
Figure 1, and than svbtracted the tero IRf from the potentiazi Z3iference ".‘-‘_:_
ceasured in the presence of pslarizing current to get the ®true®™ potential.
Mzny years later Wohr {Ref. 22) used superimposed A.C. to advantz32, and
recently Shaw and Remick (Ref. 23) and Haupin (Ref. 24) have czde illuminating -
escillograghic studies using 2lternating current at a metal-sciuiicn inter-
face. Results obtained substarcizte the model of the interfzze =s presented
in Figure 1. Thr rethod appeared to te well suited to the tyze of work
slanned for this project, and eventually proved to be the only one which

enabled the desired measurements to be made.
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PART 2. APPARAIUS #ND PROCEDURES

2.0 The overall apparaiuvs used to cbtain the polarizaticn data is shown

as a block dlagrax in Figure 3. A description of the individual units

is given below.

e
2.1 $olutten Surcly

2.1.1 Solutions were rade up In 10 gallon glass botiles fitted with a

soluticn cutlet tude and a gas Inlet tubpe terminating in a sintared glass

Mk +* Ly
* » . »

dispersion disc. Carbon dloxide, comserclal mediral crade, was used with-

ke
CN
*
“
n .

cut additional mirificaticn to purge sdlutions free cf air.

2.1.2 Corrosive soluticn was pus~pad cut of the storags bottles and through
the reszinder of the flow system by mezns of a finger-type vuzp which

ferced liquid th-oush flexible tubing by a peristallic action.(l) Solution

then flowed throuch glass colls lzmersed in a thermistzted glycerine bath,
by which it was brought to tha desired temperature. Gss released from
solution upon hezting was vented to the atcosphere after the heating bath.

Solution then flowed into the bottom of the test cha=ber, ros2 past the

test electrode, and cverflow2d near the top of the chazher. Fhen oll was
used along with the water sclution, it was prepated and cdelivered to the

test chamber in the same manner.

2.2 Jest Chazheors

2.2.1 Two different types of test chazbers were ussd curing the work. The

first to be used was a glass cylinder, 8 inches tall and 5 inches in dia-

peter, having 21 internal volume of 2 liters (See Tiguzre 4). The test

electrode was lozated con the axis of the cylinder, »hile the suxiiiary

{1) Sigzamotcr Puzp: Sigmamotor, Inc., Middleport, New York




ry
electrode was in the form of a partial cylinder which completely surrounded
the test electrode and was located just inside th2 wall of the chamber.
A porous cylinder wzs placed between the inner and outer electrodes to ’:‘.‘
prevent the mixing of gases from the cathode and anode processes, and to .-t‘_:-_'.
limit aixing of the electrolytes. The connecticn from the reference half- _'_;:
cell entered throuch a pert half-way up the side of the charber, passed '_-‘
through a hole in the auxiliary electrode, and terminated in the solution -
between this electrode and the porous cylinder. _
2.2.2 liquicé and gas entered from a special prexixing chamber attached :_ -
to the bottcx ¢f the test chaxzber. This premixing device centained a jf_
rotary mechanical stirrer driven by a motor located beneath the unit, and )
was fitted with inlets for brine, 0il, cne or more gases, and cne or more :;?:j
hypedernic ne2dles used to inject chemical inhibitors into the flow strean - ®
iomediately prior to contact with the electrede. This premixing chamber L\T
was attached to the glass corrosion cell by rmeans of an G-ring seal, whereby ::. 1:
it could be quickly detached for cleaning and inspection. . '_::-':.
e
2.2.3 =zlectrical leads to the electrodes were brcucht cut of the top of :
the corrcsion chazber thrcugh gas-tight bushings sealed in a removable
cover plate. This plate 2lso carried the gas cutlet tube from the central -:.:-:t:
electrode space. ;:‘
2.2.4 The second type of test chember used was of the FH* shape, with one
of the electrodes in each of the two vertical tudes {See Figure 5). Each s
vertical {vde was 2 inche. n diazeter and i0 inches tall with an internal 4
voluze of 51C ml. The conneciing tube was one inch in dizzeter, and con- R
tained a plvg of glass wool. :_:.-5
_e
12 R
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. 2.2.5 The saze premixing chancer 3s destribed above was used to introfuce
fluids into the right-hand arz containing the test electrode. The piter

ar= was filled by flow of scivzicn through the coexecting tube. Cther

coonections were similar to thzse of the above-descrited cencentric asrange-
p2nt, except that the probe Irca the reference half-cell entered thronah
th2 top instezd of the side. Txis H-cell is &Y<n <hown in a photogrezh,

Figure 6.

2.3 Iect Zlezirode Assemdlies

!

i

: 2.3.1 The size and shape of =2 tect electirode mes varied to suit the

:

' - -n - - -

: reguirensnts of cifferent expz-izents. During cathadic polarization ruus,
13

»

when the Corroscmeter (see bslow} was used to mezsure metal loss, the

-

electrod2 was mad2 from shim zz2ck C0.00% or 0.008 inches thick, wss 1735

)

nches wide by 3 inches long, 2nd had an zpparent exposed area of 5.8 sq.cm.

This exposed specimen was =0 Irtecral part of 2 trassducer {called a *=ube®)

made for use with the Corrosoostar. Electricel comnection to the polarization DA

circuit was =332 by tapping oz of the five ela2c?rical leads connecting the L
R

probe 1o the =3in unit of th2 Torrosometer. Ss2 Ticure 6AL -

v

2.3.2 During 2nodic polarizzticn rune, whean oaly hydrosen evolution sas

[y
\.'3

sgth of 1-1/3 .nch

3

test electirods wzs =zde from 2 six inch ]
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cver a goriien of the teotsl zwailadble surfate. The larger surface zre

was necessaTy tc obtain suiiicizat hyciooen gas for accurate analysis within

a reasongdle lencth of time.
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2.3.3 For special test runs in which metal loss and hydrogen evolution
were measuvred simultaneously, ar eiectrede was constructed by cementing
32 2.5 ¢m. x 30 cm. strip of 0.002 inch shim stock to a 6 inch length of
1-1/4 inth C.D. Micarta tubing, in the shape of a spiral. Electrical

leads were run through small holes in the wall of the tubing and thence

out of the assembly through the hollow support tube.

2.4 Preparation of tne Electrode Surfare

2.4.1 Test electrode surfacgs were prepared for all runs by sandblasting. ;{q: :
This process served both to remove deposits left by previcus use of the e
@

elert-ode, and to provide an active and uniformly etched surface for
experimentation. No other kind of surface treatment, including acid etching, - :
abrading with sandpaper or emerypaper, and pre-electroiysis gave results :
comparable to sandblasting with respect to reprcduceability cf ootantials

and time reguired for the potential and corrozion rate to become constant

after irmersion.

2.4.2 The sand used was 200 - 250 mesh, and was especially processed for
use on small objects where maximum effect is desired with 3 minisum of

metal removed. Measurement with the Corrosometer before and after blasting,
indicated that gcod cleaning could ususlly be obtained with removal of less
than 100 microinches of metal frea the surface. The effect of wiping the
sanablasted surface with tissue wet with organic soivents, in order to
remove a small znount of grease deposited by the sand, was investigated.
The result was usually a wore erratic bshavior than with no wiping at all.
This effect was believed to be due %o the presence of orgenic plastic

cvatings used cn the electrodes to mask certain areas and protect electrical

14
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connections. The solvents used probably dissolved small amounts of the
coatings and spread the polvmeric material over the metal surface, where

it was removed only slowly by the action of the corrosive medium.

2.5 Exposure Conditions P

2.5.1 The exposure conditions used for most of the runs reportied here were

as followss

ave rtsmmase

Flow Rates 100 ml. per minute
Temperatures 60° ¢. {140° F.)

Solutions 3% RaCl in Distilled Water.
Acetic Acid-Sodium Acetate -
buffer added. Saturated with
Carbon Dio-ide.

0

SR 28
‘

L2

‘

9. I
VRN ]
o

p 4.5 or 5.5, as ncted.

i Ve
(e
.
.
.

2.5.2 The throughput rate of 1CO ml. brine per minute used for 31l the tests
was quite low compared to that found in most industrial systems where corro-
sion due to mildly acidic brine is a problem. Hence, concentratien pelari-
zation was expected to play a larger part in the total polarizaticn effect
cbserved during these experiments than it does in most applicaticas. The
problers of supplying large voluces of fresh soluticn for long pericds of
tize in the laboratury ru'ed out throughputs higher than that used. The
velocity of fluid flow relative to the m2tal surface was higher than would
be calculated from the rate of throughput, because of the circular sotion

imparted to the flnids in the chamber by the impellor. Cbservatica of the

ootion of gas bubbles led to the estimate of 10 to 15 cm. per second for
the tangential fluid velocity at the surface of the test electrodes. This
velocity was not great, but resulted in rmuch less polarization than would

have occurred had the solution been stagnant.

15
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2.5.3 The pH range used {4.5 to 5.5) was chosen arbitrarily to fail within
the weav acid range and yet give a corrosiom rate high enough to work wiia.
An acetic acid-sodiun acetate buffer was vsed to stabilize the pH against
changes due to (1) loss of @, in the heating coils through which the

brine passed, and {2} consumpiion of hydrogen icn by the corrosion process.
The corrosion rate in this pH range is relatively low at room temperature,
and so the elevated temperature was used to increase the corrosion rateg
and also to increase the rate of adsorption and desorptions reactlons at

the metal-sclution interface.

2.5.4 Oxvgen was scrupulously avoided so that reducticn of hydrogen ion
would be the only known cathedic reaction occurring during the corrosion
process. Thus, the rate of hydrogen evolution could be used whenever desired

to measure the rate of corrosion.

2.6 General Procedure Usz3 for Peotential Runs

2.6.1 Certain operaticns zcmwon to all polarization potential runs are
described here. OCther =more specific operations sre _escribed undar

individual headings.

2.56.2 Before the electrode surface was prepared, the soluticn supply pump
was started and the test chamber filled with solution 2t the operating
temperature. Several chezber volumes of soluticn were put through while

2 strean of C02 was used to rurge the chember. The electrode to be used
nas "o sandblasted and iwmediately inmersed in the test solution. The

e”~ctrical cennections were completed, and the corrosion rate and potential

were followed until the potentlzl reading was essentially constant. A drift

16
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of less than 4 mv per hour was considered ®tiestant.® After the potential
had been constant fer abeut 30 minutes, the sccece of polarizing current

was connected through the bridge circuit to t:e cell, and increasing

values of current were passed between tha twc 2Iectrodes.

2.6.3 Three different procedures were uss2 %> Jaterzine the mixed potential

ards wmre a b

. polarization potentials, deperding on the bahzuicr of the systen. 1In one,
referred to herein as Polarization Procedure 2, the izpressed current was
applied at the desired intensity and the potanmiial was fcllewed until

constant before recordirg its value. Cnc~ 22 pctential corresponding to

< Given impressed current had been measure3, th= current was shut off and

the potential again ailewed to become consiz=%. The next higher value of
irpressed current was then applied and the p=ocess repeated. In the second

procedure, referred to as Polarizaticn Prozz3:-e S, each hicher value of

impressed current was applied directly aflaz the preceeding one. snd tine

MM 8 ABMBEs gt @ ¢ Nwmievhabw ¢ Mot 1 Terbele § 4 00ashIl musseA

was allowed at each current for the potaniiz® *o becom censtant. Polari-

.-

zation Procedurs T involved m2asurement of th= potential as socn 3s possible

after each new value of impressed current w=z esizblished, and the polarizing s S

current was shut off after each measurem~nl 25 In Frocsdure A.

2.6.4 The procedure followed when an inhiditz3 systen was to be tested was

2ccribed above and 3llowed to

o

as follows. The test electrode was set o 33

come to a censtant uninhibited corrosisn raiz =3 potential {1
soluticn of the inhibitor was then injectsZ &y means of the a2utcmatic syringe,

and injection continued until the corrosico zz2 was 2gain constant at scre

—— e et e ea———

new value. At least cne hcur of exposure iz the inhibiter after tbe inhibited H ® e

rate had become constant was allowed. Th2 potential measurements were then

17




carried out as above. All data for inhibitors apply to measurements made

during continuous Injectlicn of the Ir.hlbl{ox.

2.7 Azgargtus for Measurement of Wetal loss

2.7.1 The apparatus used to measure loss of cetal was a Recording Corroso-

:eter,(l) This instrument follows the change of electrical resistance of 2

=etallic specimen, and produces a chart record directly in units of micro-
inches of metal lost from the surface. The basit principles of this general R

method have been described fully in the literature {(Ref. 11, 25, 26).

2.7.2 The scale of the recorder was calibrated directly in terms of

corrosicn current in the fcllowing mznner. A probe designed for use with
the Corrosczeter was first exposed to a neutral solution of sodium chloride
in distilled water which had been freed of oxygen. 1ne corrcsion rate was . e

folloxed for one hour, during which tice no measurable corrosion occurred.

A sezond electrcede was then placed in the solution, and current was passed

in such a direction that iron was dissolved from the test element surface.

A all current densities up o 2 r2/sg. cm. (the highest tested), the metal
less indizzted by the Corroscxeter was within 5% of that calculated from

- d

the current using Faraday's equivalent. This accuracy was considered

entirely adeguate.

2.7.3 The conversion of anodic dissclution rate to electric current and

vice versa was done using the foilowing relationship (for mild steel)s o

Ourrent (ma/c=?) = (microinches penetratica/hr.) x 1.83 x 1072 ""':
; {1} Marmfactured by Crest Instruoent Coxpaany, Santa Fe Springs, California -_‘...':::_:
. 1 .
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2.8 jppparatus for Measurement cf Pvi-ssan Evnlution

—_———— 2 DU

2.8.1 The overall acparatus for contiruous deasuresent cf Rydrogen gas

froz a corroding electrode has beer described in the litezature {Sef. 10}.
The essential cozponents of the apperatus are {a) a scurze cf sweeping gas,

{b) a network of valves for direzting the gases, (c) a Therzal Conductivity

{1.2.) measuring device, and {d) a reccrding millivoltmet=r %o give a

rmanent record of the cutput of the p2asuring device.
1 g

Z.8.2 The cozponents used for *h2 work were the saxe as ttose described in
PO

Ref. 10, with the exception of the reccrding millivoltmster. A Browm
*Zlectronik® Model 163, range O - 10 zw. D.C. wac used for the work reported
here. Xhen the cutput from the T.C. Zevice exceeded 10 mw., a 10,000 c!u:(l)

voltage divider was placed betwasn the T.C, cell and the rscorder. (peration

of the recorder was satisfactory ahen =0 connected, even thouch working froma

PRy

an cutput icpedance censiderably higher than recormenied, zs the rate of

change of input voltage was low.

2.8.3 The convarsicn of hydrocen evoluvtion rate to elezizic current was

done using the following relaticaships

1.00 x 1072 cc. Ho(at s7P Fmimstefe=? surface = 1.5 za/o?

! 2.9 Electrical Polarization Cirosit-y

2.9.1 Two differont circuit arrarosoents were uvsed for mating potentiai

r2asurements during the contract perizd. ©One was a coemdinztic of circuits

(1) This was the minirun resistance reguired to give less than 1¥ loading ;
error when connected acress tha ousmst of the T.C. 22l usad. .

['W)
0
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described by Pearsen (Ref. 12) and Holler (Ref. 9), and was used for
preliminary work with direct current caly. The second circuit was 3 D.C. -

A.C. impedance brizze, and was used for the greater part of the work.
2.9.2 7The Pearson-clier Bridge

2.9.2.1 The firsz cf these tad circvits is shown in Ficure 7, and is
essertially the saze as thal shown in .igure 3 of the proposal. Ry was a
precision resiszor nariable from O o 10 chxs in 0.1 chx= steps: fp was
220X ohms, 1¥; R was varizble from 100¢ 4o 500K ohas, in 1,000 ohx steps.

<

is arrangexeat of Fr, 522, R3 was chosen teo facilitate cozputation of the
velue of the cell zecistznce in the fourth arm of the tridge, and to permit
clese balance of tha2 bridge without having to make precise adjustments of
Rj. In Holler®s szizinal circwit, 2ll dridge balancing is done using Rye
In the present w:i-t, it was fzund that the cell resistance was so low that
accurate adjustmen: cof Z-!l incre=2nts c¢f the order of 0.01 ch= was necessary;

thus making conizct resistences and lezd resistances criticzl. Instead of

(A

this, R was set i th2 negarest ohz, and Ry was used for 3 fine adjustrent.

and P, together with 3; provided a varizbie voltage
source, with ?1 2 toarse and Py & fine adjustment. The resistances of Py
and Pp wera 100 12 200 ohms; and thus, the total effective resistance of

2ra (D was not moz:.-zbiy affectad by the position of the variable taps of

?1 and Po. The polzsity show. at Py coposed that betwesn the test electrede
3nd the Calomel r2izzenie cell in the bridze. Potenticsmeler Pg was a
pracision measuring Z2vice used to deternine accurately the voltage between

the adiustable tars of Fy and ?2.

"
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2.9.2.3 The dv ector was initially a 3rown ®Electronih® null detector in

series wmith 100X chm resistor. The resistor was necessary to avold excessive e

et e L .
.

lcading of the bridge. This cozbination gave a maxizun sensitivity of LT -‘T‘:‘.zf,.“:‘=."..

0.1 =v. per wmillineter stale deflection, with a zero stability of £ 0.05 mv.

The overall response tize was about 1/2 second. This device was satisfactory

for =easurexent of slowly changing or constant potentials, but could not be
usad «ith transient voltages. For observation of transient behavier, an

oscilloscepe was used (Hewlett-Packard Model 130A).

2.3.2.4 The corrosion cell itself is shown schematically in Figure 7 connected

to terzinals B and E, with the test electrode connected to B. The Calomel
electrode has its solution juncticn terminating in the electrolyte surrounding

the electrodes, and the other ter=inal is connected to the bridge at C.

Thus, the Calemel electrode and its internal resistance {Rq) form a part of
the lower left arm of the bridge, in series with R3. The Calozel electrode
st pass a <=ail current with neglicible change of potential in this circuig,

and so the unit was especially constructed 1o have a large mercury reservoir.

ing

The value of R4 in the unit used was measured using an AC impedancte bridgs,
and found to be 2400 ohms, including the capillary tube. This resistance

was added to that of Rj3, P1» and Py to give the totai resistance beiween

D and F.

2.9.2.5 The circuitry cutside the bridge beiween terminals A and E was
usad to supply a controlled polarizing current to the bridge. Bl was a

30 voit pack of dry cell batteries capable :f delivering up to 300 =a. for

short intervals with no more than 10 valts interval drop. 33 is 2 battery

with a voltage adjustable to any selectes fraction of By. Resistors Rg
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‘ and Ry wore used to prevent shorting of By when switch S; is operated.

83 is a varisble resistor used to set I, to iny desired value. Switch

Ao M bt L

L]

S; disconnects the bridge for measurements at Iy = 0. Cperation of Switch

S, changes I, by scce selected amount 2t any polnt. Switch 33 is used to
open the bridge circuit. ¥nen S3 was cpen, the cocbinatien of By, Py, and

= P3 with the Xull Detector, comprised a poteniismetric voltmeter that was

used to measure FDj.

L IR R T O O

X

2.9.2.6 The operation of this circuit curing a run was as follows. Kith

switchas Sl end S3 cpan, the electzode was exposed uniil the reading on

Neweih s wrer

potenticceter Py (Detector at Null) was constant. The zero-impressed-

currert potentizl was then read cn P3. Swiich Sy, was then closed and

v
% Mot hee A e

: resistor Rg was adiusted to pass the desirad polarizing current throuch the
bridge. The potential at Py corresponding to a Null at the Detector was
£ollowed until constint, then recordad 3s the uncompensated value of ¥Dj.
Switch 33 was ciosed and P; and Pp adjusted to bring the Jetector close to
mid-scale on the mcst sensitive scale. The positien of Sp was changed, and

the deflection cf the Datector immediately f£oilowing the change of Iy

neted. 5; was retuined to its origiaal position, and aftes the bridce
cutprut was ag2in censtant, the switchine of S, was repeated a nuzber of
tires betw2en which R {and occasicnally Rl) was adjusted for a minioum
initial deflxctiosa cf the Detector. FEh2n the best positions of R; and Ry
kad teen found, Fy and Py were shifted to give a ¥ull. The value of PP

vwas then resd on F3. Thus, two potential readings were made at each setting

of Tye

——  ———— o e g
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2.9.3 The D.C. - K.C. Impedance Bridge

A Ml

o« ¢
.

T

2,9.3.1 The second of the two types of bridge circuitry used was a combina-

TR
T

. l.
PR
k) + l'l'

tion D.C. and A.C. irpedance bridge shown schematically in Figure 8.
Resistors Ry and Ry, and capacitor Cy are components of the circuit assumed
equivalent to that through which the polarizing current must pass in the

test cell between the tip of the reference electrode junction and the metal

of the test electrode, i.e., between J and ¥, Figure 1. The polarization

cell is shown within the dotted lines with the test electrcde connected to

G, the system ground. The corred®ng interface plus part of the electrolytle

resistance ccaprise th2 am adjacent to the equivalent circuit, while R4

" e et ce————

plus part of the electrolyte resistance comprise the arm opposite the

equivalent circuit. Resistance R3 cocxpletes the bridge.

]
Y

N, O

2.9.3.2 The valves of these coxzponents depended on the area of the test

DA
.

electrede. Two sets of typical values are given in Table I belcws

Ll
.o

ot

Ta8tE 1

! ). Y

Typical Vaiuss for D.C. - A4.C. Bridge

q.._ -
o Valve For Value For
- Apparent fArea Appareat Area
" Cczponent of 5 to 10 =2 of 25 to 50 c?
- R 300 ~ 3000 ohmns 100 - 1000 ohms
< R, 10 - 100 ohas 5 - 50 chos
S 1
> i N 20K - 100K 20K - 100X
.;‘ Ry 500 chms 16D chos
(:1 4 ~ 40 ofd 40 mfd
4
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2.9.3.3 The scurce of D.C. polarizing current consisted of 3 germanium diode =l
rectifier and a two-section I-C filter, operating frcm the isolated secondary
winding of a constant voltage transformer. This supply operated frea 115
volts A.C. 60 cycles, and was capable of delivering uwp to 250 m3. D.C. at
160 volts or above. The current delivered to the bridge circuit was con-

trolled with vsriable resistor, BRg. The sum of resistances Rg and Rq was

kept at least 100 times the internal resistance of the polarization cell in = f’
crder to previde censtant polarizing current independent of variations in

cell resistance.

2.9.3.4 Aiternating current of variable frequency was supplied to the bridge -?g!-
by means cf ar audio signal generator. The output of the generator was iz}l,
cennected directly to the bridge through blocking cepacitor Cs. The ;13':;
azplitude of the A.C. signal was adjusted by means of the gain centrol on -4215;
the generator chassis. Ihis arrangszent permitted up to 10 volts rms. A.C. ;ﬁsz‘
signal to be apriied to the bridge between point P and ground {G). ;i:;_
2.9.3.5 2n oscilloscope was connected so that its horizontal axis input i

—3

1
§
)

was connecteld to the juncticn of RZ and R3. Resistors Bg and Ry were found

.
l' ’
1

v .
[
a0

useful to surpress a certain a=cunt of high frecuency noise which ctherwise

! ’
L
o
,
MR

~

decreased the accuracy of bridge adjustments. The input impedance of the

i

scope was 1 m2goha on eack axis, so Rg and Ry intrcduced caly about 10¥

.l
.
‘)

[y

LI
.
.

1

loss of sicnal a=plitude.

R
SN
o

[ .

LN B

e
P

2.9.3.6 Ficure 9 shows the arrangement of D.C. potential recording and

.
i

indicating instrurents used with the impedance bridge. P, was a recording

millivoltmeter-rotenticmeter (1) with full scale egual to 10 mv. A special

(1) Brown SZlectronik®, Minneapoli<-Honeyw2ll Regulator Co.

24
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input circuit was supplizd by the manufacturer to prescat an input

icpedance of about 50,002 ohas, alloming the instrument to be uced in

relatively high resistance circuits without loss of sensitivity. This

revorder was used in series with the adjustable bucking veltage generated
by Bl’ Rl’ Ro, and Pl to record variations in the test electicde potential. . - )

Potentioneter F4 was a manually operated precision petentiozetric volt- .

meter used to make accurate neasurements aftar the potential had become . e . °

constant.

2.9.3.7 Cperation of the above circuit during a polarization run was as

follows. With swxitch $; open and audio signal ingut at zero, the electrode ) ® ’-

is expos2d under test conditions until the potential PDJ was constant, as .__ C T

indicated by the recording petenticmeter Py, Figure 10. Switch S&;, Figure RIS

10, was shifted tc Menual, and FO; was m2asured wsing P To determine Lo

resistance and capacitance, the prsbe voltage frca the Corrosometer was —
shut off, and a SO cycle A.C. signal was izmpressed on the bridge to give
20 ov. peak 10 peak at the oscilloscope. The scope controls were set so

that both horizontal and wvertical inputs were displayed, and at the same

gain. In general, the pattern was an ellipse with its major axis tilted to
the horizontal. Rj, Ry, 2nd R3 were then veried to reduce the pattern to a

single straight line and ic set the angle of tilt at 45°. During these

2djustzents it was found convenient to hold C; constant. The frequency of
the A.C. signal was then changed to 20 c¢ps., the adjustment of Rl, 32 and
R3 repeated to return the pattern to 3 459 line, and the values of the

variable resistors recorded. The abcove procedure was repeated at each

vatue of Iy chosen for the run. Betiween cach point where A.C. impedance




measurezants were made, the audio frequency signal was turned off and the

potenti.l and corrosion 1ate were measured as desciibed above.

2.3.2.8 The following relationships were used to calculate the values of

5

A

Rf, 202 R from the datc obtained by means of the bridges

Rg=51-Ra {Ecuation 12)
R3
Cg = Gy . Ry {(zcaaticn 13)
Rq
Rg = R2-Ra {tguaticr 1a}
R3
. The values of PDp and FD; were then calcvlated from Equaticn 10 and 113
- PDp = PDy * I R (Eqation 10°)

PD; = PDy * I, (Rf *+ Rq) {Equation 11%)
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PART 3. RESULTS

3.1 Ceneral Remarks

3.1.1 During the early stages of this study, both the test conditions and
the electrical circuitry used to make pctential measurenents were modified

a number of times in order to cope with the observed behavior of the
corroding surface. Certain changes in procedure resulted in data that was
sozewhat different from that obtained previously. For this reason, the

data cbteined during the evolution of the final test procedures is ccnsidered
questionable and is not presented here. Nevertheless, a nucber of observa-
tions cade during the early work are of general interest and are so described

below.

3.1.2 1Initial experiments were carried out using solutions made with
industrial tap water. The rate of throughput was lower than that used for
later wor¥k, teing cnly 25 cc. per rinute. When catnodic current was applied
1o ti.» electrode corroding under these conditions, sevaral hours were required
te cbhtein a stabic cvotential reading. The potential drifted slowly in the
anodic direction during this time 2nd the rate of drift increased with
increasing impressed curreat. Wher. the electrode was removed from the
solutimn after a run, 3 licht colored powdery solid was found achering

to the surface. This proved to b2 mainly calcium carbonate with some mag-
nesiu= and iron salts. Increasing the flow-rate from 25 nl. per minute to
50 to 120 ml. per minute Gid not appreciadly change the amount of carbonate
derosited cr its effect on the potential. Lowering the pH of the solution
fron 5.5 to 4.5 decreased the grncunt of carvonate scoerhat, btut the potential

tehavior remained about the same. For this reason, distilled water was

27
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substituted for 2ar water in the sclution. Xo fursher trovble from this

. source was observed.

- 3.1.3 The efiezt cf the fH and the flow rate of the sciution ¢on the time
required for the gotential to become constant - af2er zpplying pnlarizing
current - was imvestigeted. 3t was found that the lower tha 2 and the
higher the flow zsle, the more quickiy the potential reached each new

constant value. Much of the exploratory work was c=rried cut 3t pH 5.5
o

04

and at 2 flow o al. per =inute. These conditizos were chanced to pH 4.5
and flow of 102 ml. rer minute for all the work dooe with the D.C. - AL G

impedance bridoa.

2.1.4 1Initi3l exporiments were carried cut using &2 corceniric electrode
arrangement {Se= Figure <). Three diiferent mzterials were tried as the

auxiliary electroda. A Type 304 21loy steel scresn zorezred 1o work

X

satisfactorily, bdut was discontinued when 1% was found that the electrical

resistance of the tast specizen decreased rather thzn rezaining ccastant
{ when sufficient cathodic current was passed tc stop 211 loss of =zetal.
This behavior wzs interpreted as indicating that ootz2ilic iocns, dissolved

off the alloy scrsen by the znodic current there, wera diffusing through

the porous givider and were being reduced on the ts=st elscivode surface.

3.5.5 A piece =% oild steg) shim stock was substizussd as the ouler

electrode. N2 =twicus diificulties were experienca3 with this =aterial.

Q9

Honever, the coocentration of Cissolved iren in both compartiments of tre cell

was much higher than dosirable when both elecirodss were =ils steel. Tt

was felt that tae hich iren concentraticon oicht lezz o non-reprosentative

pclarization behavicor, but ne ra2liable data wa2s o%i3i-ed to substantiate - -

this due to the Sifficuliies with the bridge circult Sescribed below.
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3.1.6 The third m:terial tried for the auxillary electrode was platinua

feil. Here the cnly undesirable by-prodict of electrode activity was

cxvzen generated when the platinum was made. the anode in the polarization .’-_;.—-_;

ceil. To n.nimize the possibility that dissolved oxygen from the anode

chaxder would reach the central electrode, the test soluticn was flowed

rarlidly through the annular space betxa2ea the porous cylinder and the outer

& U B
. . K .,
.

eiectrede. In spite of the precautions taken, the potential beshavior and

VAL eah s o Bttty DU\ Wt o W 80 birbes

ARHRTo- i
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spcearance of thoe test electrode indicated that oxygen was neing reduced

en %2
.

.“ “
3 .
K '

Ry

cduring cathodiz peiarization.

3.1.7 Freom these results, it was concluded that the concentric electrode

-

e
¢
'

arrangement as originally set up could not be used for polarization studies

because of unavoidabie mixing of anode and cathode products through the - -

forous rexbrane. Hence, despite its advantages of symmetry and current
distritution, the conceniric type cell was replacad by the H-shaped cell

cdescribed in Section 2.2.4. Those potantial n2asurements that were made

3.2.1 A nu-ber of cathodic runs were zade on uninhibited steel electrodes
using the Pearson-Koiler Bridge. The general operaticn of the circuit was

as expected, tut the accuracy of the resistance setting was poor. The

inzccuracy resulted froo two characteristics of the cell being studieds

el e/ toe'S
* t L]
Sy

I_I (] .

1, 4,
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{1) The effective interface reststarce Rf was low, resulting in a propor—
ticnately low I, R¢ term; and (2) The output of the bridge (at constant 1.}
fluctuated, due apparently to fluctuaticns in the potential difference

across the metal-solution interface.

3.2.2 Fkhen Ix is changed by AI, as is done to cbtain a recistive balance,

the error signal output due to resistince unbalance only is given by(l)

Al . AR
Avg = -—Lz——- {Eqation 15) N
where AR = Ry(Rg ¢ Rg) - R){R3 # R.), Figure 7. The range of I, in the

region of local cell corrosion was fxocm O to 20 za., and the resistance

’
.

ccrresponding to Bs + Ry was approxizately 1 ohz. Thus, even through the

CUS TP

resistance setting might havc Leen in error by as much as 100% {AR = 1 oha),

PRI
LA

the error signal that would have bssn produced by a 10% change i I, would

. have been a me«imun of 2 ms. To have achieved 10% accusacy in resistance
setting would have required detectica of 0.2 ov. Relladie catection of
such signals weculd have been a matter caly of zppropriate instrumentation
had it not been for the fluctuaticms in bridge output mentionad above. The
latter occurred in a rendon manner with 3 maximmm amplitude which was
proportional to I,. Fer this reasoce, they were beliaved due to fluctuations

in the effective interface resistance.

3.2.3 From previou: exploratory wook it was kncmn that the reduced =ixed
potential (PDL) ot steel undsr the test conditions changed only slightly
fron its zero-izriessed-current vaize until the net lecal anodic current

2pproached zero. Thus, it was reascozd, within this region I might be

{1) The expressions for erzor siguals for this bridge are different fro=
those for a conventionc)! Eh2alsismz Zridge, because here Ry + E5 2> 35 + X3,
and the bridge operates under coostant current rather than constant woitage.

a
-

8




changed by a relatively large amcunt withcut causing a significant shift
in the potential ccmpenent of the total potential difference, PDj.

Accordingly, the circuit was altered szu that operatica cf 52 produced a

change of 10 ma. in I, regardless of the base value of I,. This procedure . '_-' ‘ L " 3
resuited in an erzcr signal due to resistive unbalance thst was lazge _ -.: . _’-: : 'f:'
encugh t) detect zdove the background. However, another type of inter- :_ _;.:: ?:f:_i_f'_-‘_;-::i: :--::;.»'
ference was inird3uced by the larger current increxments Imcediately - :!: - -._', —:_

following the initlal, instantznecus change in output due to resistance R S
unbalance, an only slichtly less rapid change in cutput cccurred which :-

continued for sevaral seconds at 3 rate which decreased with time. This ST e

behavic

<}

occurred in reverse when the sriginal current was resumed. One

rossibie explansticn for this behavior is presented in the Discussion.

3.2.4 Fher 1, was Increased beyund the point where local 2nodic action-
storped, and thus, where the surface behaved like a hvdrogen electrede,
the step-chang2 in I, used to balance the bridge was held to 3 maxirum of

20 ma. regardless cf the value of Ix. As a result, the mr :im:= probable

error in tha redsced potential deterained using this cethod was # 4 v. In

the region where the pctential changed very littie with a change of Ix’
and * 20 5v. where potential chanced considerably with appiled current.

Inis order of accuTacy was suificient for rough survey work, but did not

per=it detection of s=3!l charges in the potential or in Rg.

3.2.5 1In order ts facilitate operaticn of the bridge zi:2 the D.C.-shift

"

balanzing technize in the presence of the abcve-mentioned transients,

the sensitivity cf the detector was greatly reduced and the resistance

- settings were mad2 ry 3djusting the resistance at each pcint to a vaiue

31
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that was half way between settings that gave er:al but opposite error :.sff“'f

signals large encugh to bte easlly separated :rom Interference signals.

By this mezns, a number of cathodic runs were carried out with the Pearson-

Holler bridge. In spite of these efforts, however, the data cbtained was

of questionable reliability, and so it is not reporied. ¢ A .

3.2.6 Th= difficulties encountered in the use of the Pearscn-Holler bridge .
as described in the foregoing sections led to the development of the D.C.- )
A.C. icpedance bridge, by means of which the cell resistances could be

rmeasured without having to ma%e sudden changes in the polarizing current.

In addition, the H-shaped test chazber was substituted for the ceoncentric :-_____-
chazber at about the same time the nea bridge circuit was put in use. "“!"
Section 2.3 dJdescribes these units and discusses the relative merlis of the :.l Q
.30 chanbers. - :-:'

. .“;__

3.2.7 Yo anode - cathode aixing or other interferring phencoenon appeardd T

to tzke place in the H-cell. rolicwing izmersion of an electrode with a

freshlyssandblasted surface in thae test solution, the potential moved In Bk

the anodic directiecn {increasingly negative) for 10 to 15 =inutes, rezched ®
a paxizun ancdic value, then began to move in the cathodic direction for —T—T
a period which varied from 30 sinutes to 2 “ours. The rate of drift was *
n the range of 10 %o 13 mv. per hour. .Th‘.s behavior cccurred cvery time _'

_9

2nd was generally repreducezble except for the time factor. If time was
nct 2llowed a2t the beginning for the zero-lmpressed-current potentlal to
reach its most cathedic peint; all sudbsequently measured potentials wesc
fourid to d-ift for 2 censiderable tize in the cathedic direction. During o ;
cathcdic runs, the direction of this drift was opposed to that of the __

shift froo the zain effect of current cn the interface, and the net result - °|
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3.2.8 Careful observation *  Atrect potential (PDp) in the presence

of impressed current shewed ‘'.e following., After the impressed current

increased from cne value to another, there was always z period following - -,_.._:l.___
the Initial rapid change of potential, during which the potential changed :}-'.-‘_ :’:#9 -“-.‘r':'-.::_:
relatively siowly before beccming constent. This period lasted enly about :EE:: : :-::
30 seconds or less In post experizments. During cathodic pclarization, the R _:__:___.-:
drift was in the anodic directicn when I, was less than that required to ] HQ:_‘Q
step local cell acticn, and in the opposite or cathodic directicn when :‘_"' :'_-;:' :

I, was greater than this valve. During anedic polarization, the direction ) - - a
cf the drift was toward =ore ancdic v-lues throuchcut the range of Ij e e ,; R

tested. This behavior is due to chances in the interface resistance.

3.3 Results Using the D.C. - A.C. Icoedance Bridge 3 - o
3.3.1 The operation of the impedznce bridge for the measurerent of interface ! _!_ .
resistance and capacitance is described in Section 1.9.3. The circuit is :-"_: :__':: _:;__ :.-
shosn in Figure 8. Kith the oscilloscope used, the best cozbination of : :::i -: _-
signai-to-ncise ratio and precision of bridge balance was cbtained by setting _- o ik
the gain of each input channel %o the %2 mv. per ca.® position znd generating ... '__ 4 ,
2n input signal of 16 and 20 mv. reak to peak at each channel. This voltage v _
is ceasured between the tip of the reference eiectrode cagillary and the :t.-;'.k
test electrode, and thus almost all of it appears across the interface ‘. o
resistance. R -~.::j._j_
> :"_ o _ -
3.3.2 Te:is were made to determine whether the impressed alternating voltage S t:.' ‘3':::_:_
would have .ov undesirable affect on the interface. No change in any of ® ol . --;i:
the =ecasureabic ~-_perties of the interface was detected after exposure oL T ::'
of an uninhibited surface to 20 mv. at 1060 cps. and at 2J cps. for periods - :._: .
33 n__ o o
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. up 0 30 minutes. The impressed voltage was gradually increased at 20 cps

bt
.

unti! at azround 10D mv. the direct mixed potential began to move in the

- A
.

anodic direction. When the A.C. voltage was reduced to belcw 50 mv.,
the potential rapidly resumed its original value. The corrosicn rate was
not meascred during this test. From the results obtalned it was ccncluded

that 20 rv. A.C. zcross the interface weuld not ncticeably alter the

resistance, capacitance, or electrode potential.

3.3.3 A conslderable nusber of cathodic polarization runs were made on

uninhibited electrodes using the D.C. - A.C. bdridge. Maltiple runs were
found necessary to develop the techrique of operating the bridge, and to
obtain sufficlient data to indicate the reprcducezbility of results. Soze- L

- rhat better results were obtained by Polarization Prccecdure A (Section 2.6.3), :
in which the izpressed current was returned to 2ero tetween each measurezent,
than were cbtained using Polarization Procedure B. Howevery Procedure A
was much pore time consuming, especially when the potential drifted after

changss in I..

3.3.4 Table il preserts the data from a typical cathedic run on an uninhibited

surface using Polarizaticn Precedure A. A plot of these data is shomn in

Figure 10. The horizental axis of this dlagrem, and of all cther mixed
tential polarizaticn diagrans presented here, is l2id off in units of

the legeritha of the arperent density of izpressed current. The sexi-lcg

presentation is used to shcow the behavior of the petentials clearly over a

wider range of inopressad current than would be possible using a linear

current scale.
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- TABLE I
4 DATR FROM A TYPICAL CATHCDIC POLARIZATICN KON
- Apparent - - Corrosion
N Current Dengity Pog C R Rate
- T, (oa/ced) v. vs. SG='  ofd/c ohefe? rdd**
0.9 -0.722 1320 9.2 2550
1 R
0.412 -0.726 1280 10.2 2120 ' = :
% - - -_'_—" '_—
0.825 -0.732 1220 12.2 1710 b e
1.28 -0.740 1166 14.8 1220 I
. 1.65 -0.755 1080 20.3 840 e D
E P I
‘ 2.06 -0.787 980 28.3 435 oo e
- 2.47 -0.852 540 0.1 ) Pl Tl
.. F R .- ._-:._
! 3.00 -0.957 840 22.9 - :
_ 3.50 -0.9% 24.5 -
- 4.12 -1.041 21.5 -
(]

T,
P’

-1.119 - 11.0 -

I
N
B

860
€60
5.15 ~1.073 860 16.8 -
300
320
920

AR

8.5 -1.135 10.0 -

* - - -
milligre=s per sguere decimeter per day

D‘l '. .
R AR " PP

(S
1

The sign of 2ll potentials in this report is governed by the convention
yhich maves the s.andard metallic zing electrode potential nejative.
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3.3.5 The term "apparent current density™ is defined as the total current
alvided by the total apparent area receiving that current. Unless
specifically stated otherwise, all current densities, either of impressed
current cr of local cell current, used in this report will be apparent
densities as defined. These values are designated by placing a horizental
bar cver the synbol for the desired current. In a like manner, any other
Gquantity that relates to a unit of aﬁparent area {one square centimeter)

is shown with a bar over the usuwal symbol.

3.3.6 For purposes of comparison, a plot of results from a representative
run sade on an uninhibited surface using Polarization Procedure B {Secticn 2.6.
is shown in Figure 11. The tabulation of actual ceasured values corresponding

to these curves is onitted, Inaszuch as the exsct values are not significant

. in view of the variation cbserved from cne run to another.

3.3.7 The shape of the curves in Figures 10 and 11 are seen {0 be quite
similar. The follewing observations may be made about bothe

{1) PD; constant at its zero-izpressed-current value until I
approaches the point where iy = O.

(2) Py and PDp change most rapidly at or very near tl.» point
where iy = 0. A point of inflecticn in beth curves occurs where
i =0.

{3) The curve for PD; is not a straight line on the sexi-log
plot in the region where the surface is presumably entirely
cazhodic. The deviaticn from the straight line dramn tangent

to the curve at the polnt of inflection is in the direction of too

szall a change of potential with increasing I,.
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{4} The interface resistance ?, passes through a maximrs at or
R4

fiear where 1‘ =0. .

(5) Tne interface capacitance Cy decreases slowly at low I,
then more rapidly 1o a broad minisun at values of I, slightly

greater than that raquired to reduce i A to zero.

3,3.8 The portion of the cuaves of Figurés 10A and 11A used to construct
the local anodic polarizaticn curves lies to the left of the dotted vertical
line marked 1, = 0. The values for local ansdic current in this region

were calculated from the tate of metal loss measured at different points

3along the curve. To cbtain data that would be of assistance in the
esticaticon of local anode currents when Iar some reason the corzosion

rate could not b2 peasured directliy cduring a2 potential run, several addi-

ticnal experizents were carried cut in waich enly currents and corrosion
rates were measured. It was hoped that some general relaticnship between
i3 and T, wouvld be feund. The data frco the best two cof these runs is

shomn in Tatle III. Kote that the ratfo of (Ix)i,=p to ('{A)qu, is 1.75

in Ren No. 1 and 1.48 in 2:x No. 2. This ratio is 2.5 froz the data of

lapie IZI.{Sigure 10) 2n3 1.9 froc tha data of Figure 11. The reasca

for this variztion, and its sicnificance, are not known at this tize.

Ceriain possible contributing factor

discussed in Part 4.

v
[}
]
L)

3.3.9 The data of Table IiI is presanied in craphlcal fors in Fizuze 12.

Data for i1 & is plotted 2s 3 fractien of its value at I, = 0, whexeas data

for I, is plotted 2s a fractiza of its value at ig = 0. In this w2y the

fiqure is zade useful with any values of {:A‘T,(:O ard (Ix)iA=0°
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g 3.3.10 Local anode polarization curves derived from the data of Flgures :-j. g
3 ) 10 and 11 are shown in Figures 13 and 14, respectively. Both PDP and :—:;
; - P:)L are plotted, the latter being shown as a dotted line. The scale -
l for § A in these dlagrams was made linear instead of logarithmic for _:
{ two reasonss (1) The linear scale is proportional to the (average) ; T
! corrosion cate on the surfaces and (2) The point at i, = O can be shown = .
§ ta the linear scale but not on a log scale. These curves are discussed . -.::—"
‘ mwore fully in Part 4. { _‘j-f
TASLE IIIX
10CAL ANODIC CURRENT DATA
Irprossed Cerrent, Iy Corrosion Rate Local Anode Currsnt, 1, :'.-_.',:_'_
. safc? % of (Ix)i.A:O xdd ra/c=? & of pax.
‘ Run No. 1 0 0 2360 0.90 100
0.74 47 1230 0.47 52
! 0.50 59 - 540 0.36 40
; 1.10 71 720 0.2.7 30
: 1.48 54 129 0.05 5.5
‘ 1.57 100 ) 0 )
RnNo. 2 O 0 2770 1.06 109 :-'"‘.::-}:
6.56 35 1740 0.67 63
0.74 47 1460 0.56 53 -..——
. 0.93 59 1130 0.43 4 “’l
. 1.11 7 $00 0.30 21
1.35 85 360 0.14 13 y
1.60 100 0 0 0 l__oi
-:

-~ a—
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3.4 pnodic Polsrizasion-Unirhibited Electrode Tl

3.4.1 Anodic polarization of uninhibited specimens resulted in 3 potential
bshavior ccnsiderably different from that noted during catdadic zuns. The

s potential usually regquired only a fex ninutes to become comstant after

P

each new value of I, was applied. ©On the other hand, if and wken I, was

shut off between measureseats, the Iy = 0 potential was fo=x2 to have

shifted in the anodic direction, from which it recovered oc:ly slcwly in the S il

absence of izpressed current.

ot

3.4.2 Data from a typical arodic polarizaticn run uvsing caolizucus appilca-

tion of anodic polarizing current is shown In Table IV. Ibe cuxves ar= - e 7{- S 3

shomm in Figure 15. The following points may be mede 2bowt these datas 7 L

e

(1) There was liztle if any regicn of I, wherein I was constant,

f‘l‘lr‘

although the rate of change was very small below ?x = 2 =afsq. ca.

4
LIS e e |

(2) ®oth PDp and FDp change gradually over a brozd range of

. oy ege
1

T,(Ty = 4 to 40 £3/sq. c=.) below thet rhich was necessary o

reduce iz to zero. This is in contrast to the relatively sharp
brezk in F9; near i = O on the cathedic polarization curve

{e.g., Figure 10).

{3) o linesr porticn of the data is to be expectss in Figure 13A,

inasmuch as some local cathcdlic activity is presant throughout the
range of -fx shown.

(4) The pagnitude of I, required to reduce i; sigmificantly is

wach greater than that required to reduce !A +0 zero during ——
cathodic polarization. - f:':" R .-:;, ::-
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{5) 7he interface resistance Cecreased throughsut the range
of -fx shown, The interface capacitance increased very slowly

below ;,‘ = 2 pafce? , then rapidly at higher current density.

N
ANODIC POLARIZATION DATA - UNINHIBITED SURFACE
- - @
Apparent - - - .:;_.-: N
T/ | @) (D) (we?)  (ohofed)
2.04 -686 840 1.8 7.0 .
4.15 -556 920 1.8 2.6 )
6.17 632 1060 1.8 4.0 %
] 10.6 -599 1220 1.7 2.9
24.0 -544 - - -
) 40.8 -505 - - -

3.4.3 In experical relationship found between -i-c and -fx is shoen in
Figure 16. The values of ?c were calculated from hydrogsn evolution data
as described in Section 2.8.3. The values for ?C 3y be seen to fora a
straight line when plotted against leg Yx. A fractional scale is used

for each axis to facilitate use of the chart with any values of (Yc)aax

and (1,); 5,

3.4.4 The value of (Ix.'ic=0 was detercined only indirectly. This was
necessary beczuse of the excessively large amount of current required to T

reach the point where i, = 0. Current densitites up to 40 ma/sq. ca. cate

40
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were applied, but resulted In less th:n 75X reductlon of local cathodic
current. To have been able to apj'y higher current densities would have
required considerable modification of the apparatus. Instead, the data
up tc 1, = 40 ma/sq. cm. was plotted on semi-log paper, and the points
appeared to fall close to a stralght line. The value of I, necessary to
reduce i- to zero, i.e., (Ix)ic=0’ was taken as the ic = O axis intercept
assuning that the log reiation continved to hold. This intercept occurred

at approximately -I-x = 150 ma/sq. co. for the cornditions under which Figure

15 applies.

3.4.5 The range of values found for (ic)nax {i.e., the value of i when
I, = 0) was frem 0.9 to 1.2 ma/sq. o for severai different runs. Thus,
the ratio of (Ix)ic'-’-o to (ic),,, was in the range from 120 to 170 for this
electrode system. This ratio Is very ruch greater than the ratio of

{1.); 40 to (iA)Ix:o found for cathodic polarization behavicr. The

significance of this large ratio is discussed in Part 4.

3.4.6 The estimated value of 190 pa/sg. ca. for (Ix)ic;o iies well beyond
th2 hichest value Tx shorn in Figure 1Si. Thus, the pstentiais corresponding
?x from 40 to 150 x:a/Sq. cm. were not m2asured. Instead, the curve for PDL
«#as extended at constant curvature to the roint where -I; =100 na/'sq. ca.
then with increasing curvature to fx = 1539 rafsq. ca. Tre curvature was
assumed to increase in this latter regich near where i = O by a2nalcgy to

the behavior of PDA near i, = 0 as shown in Figure 11A.

3.4.7 The resulting local cathodic polerization curve is shown in Figure 17.
It nay be seen that the experimentally ==ssured poteatials lie on 3 smooth
curve when plotted cn a linear lc scale. The porticn of the turve for

?DP derived from estimated data is shown dotied. The curve for PDL is
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quite similar to that for PDP. and does not exhibit any characteristics
. not shown by that for PDp. The region of maximum uncertalinty lles within

s the first 10¥ of the range of ic. and thus, does nct seriously affect the

shape and position of the turves as a whole. The uncertainty in this

+

region does affect the ic = O axis intercept, however. This intercept

is seen to occur somewhere between -300 and -350 mv. vs. S.C.E. for PDP.

R At

3.5 Polarization Veasurements cn Inhibited Surfaces 'f-f:'

] 3.5.1 The general procedure used for polarization runs in the presence of : -

3

ARG ™ A
.

3

corrosion inhibitors is described in Section 2.6.4. Data reported applies

to measurements rade during continuous treatment with each inhibitor.

Criginally, it was planned to make the measurements on the films resulting

from the action of inhibitors after the chemicals in soluticn had been

. flushed frca the chamber. 1% was found, howover, that as scon as continuous
injection of cerlain of the inhibitcrs tested was stopped, the potential and
the corrosion rate began to drift in the direction corresponding to the

uninnibited state. With certain types c¢f inhibitors the drift was small

and the potential and corrosion rate so>n became stable again; with other N
types the drifts continued indefinitely. Sinilar drifts were encountered

when attempts were nade to make measurements on surfaces only partially

[

(] i ;
Y I

covered with an inhibitor film. A number of runs were carried out by

4
.

[
NI AR
LN D M)

adjusting the concentration of inhibitor during the injection period so

that the corrosion rate levelled off at from 25 to 75% of its original

(M |
1

valve. It was found that under these conditicns the potential (ro applled - S

* current) continued to changz in the cathedic directicn, i.e., that corres-

ponding to a greater degree of inhibiticn even though the measured corrosion :;{-_

-
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rate appeared to be constant. Prolonged observatlion showed that the

corrosion rate was decreasing slowly. It was very difficult to produce

a truly constant state at any deyree of inhibition between zero and

whatever maximum effectiveness was characteristic of the concentration

of inhibitor tested.

3.5.2 Data Jor construction of mixed potential curves, i.e., Ix and

PDp were determined during inhibited runs using the same techniqus that
was used during uninhibited runs. Unfortunately, Lowever, the dependence

of 1, (or ic) on i, required to convert mixed potential data to local

cell polarization cata, could not be determined with any useable degree of

accuracy during runs where effective inhibitors were usad. This was
because of the very low corrosion rates involved and the limited time

that could be spent at each data roint. Despite the great sensitivity of

the recording Corroscmeter uses to measure corrosion rates {resolutions
0.1 microinch), the total uncertainty in this type of measurement was such
that, at corrosicn rates of less than 1.0 microinch, at least cne aour

under constant conditions was required before one cculd say with certainty

that the rate was constant, and before a precise measurement of the rate

could be determired from the chart reccid.

3.5.3 As described beicw, the zpplication of impressed curre v surfaces

bearinc inhibitor films produced certzin irreversible effects which varied

with time; thesa effects were especially severe during anodi: polarizatior.

Thus, it w.s felt that exposure to polarizing current for periods of one

hour or longer would not necessarily produce a censtant corrosicn rate at the

end of that time. Furthermore, the potential and corrosion rate zfter long

. et somanme  sas t0s  wmsamat
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periods of time =ay not bear any direct relation to the condition of the
surface as it existed before the waiting period. Therefore, every attempt
was made to measure the potentlal as soon as possible zfter applying the
external current, walting only for any rapid changes in potential following

changes in I, to subside.

3.5.4 - .rder that the mixed potential gata for each inhibitor might be

transformed into the desired local cell polarization dat3, a relationship

between 1, or i. and I, during polarization of the inhibited surface was
esticated, as fcllows. For cathodic polarization, it was assumed that iy

varied linearly with I, in the samwe manner as for the uninhidited surfece

as shown in Figure 12. For anodic polarization, it wss assumed that i L '~'::
varied linearly with log Ix as shown in Figure 16.° In either case, ihe
valve of {i,)_. or (i) ., vused was that calculated frcz the inhibited
corresicn rate when I = 0. Values for (Ix)ifo were difficult to measure
directly with any accuracy cduring the runs because of the contingent
difficulty in determining the exact point when i, or i was equal to zero.
¥hen no other data was available, (Ix)ifo for the inhibited state was
approximated ty assuming that 1t was equal to twice (i A)max' as found for
the unirhibitzd surface. In a like manner {i); A0 was approximated by
assuxing that it was equal to 10D (ic)max. Once these values had been
calculated, Figures 12 and 16 were used to deternine intermediate pcints

as desired.

——
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3.5.5 Two different ways of presenting lacal cell polarizaticn diagraas
for irhibitors are us¢cd. One is a plot of polarized local half-cell ;> ff‘ - ;
potentials vs. local cell current. This type is shown in Figure 21. Here
the curve. for all four of the inhibitors for which cozplete curves were
avaiiable are superimposed in order to permit a direct comparison to de

m3de betw2en the slopes and positions of anode and cathode lines. The other

type of lccal cell diagram, shown in Figures 22 through 25, presents the
potentizl data for each inhibitor separately as a function of the applicable

percentag2 of the maximum local cell current (that which flowed in the sbsence

ol ety
.

of aprlied current) cbserved for that inhibitor. Thus, in this latter type - s et

of diagram, the intersection of the arnodic and cathcdic curves is slways the ST
same distance (100 rercentsge units) from the vertical axis, regardless of i

the asctual value of the current at this point.

3.5.6 BRuns involving corrosion inhibitors were characterized by potentials

that were cften markedly non-repreduceable, in spite of all attempts te

Vieme

repest experiments under identical conditions. For this reason, at least

three runs were made vnder any given set of conditicns, and the best set of

data was selected as beina represeniative. The potential bshevior was often el
50 different from one run to the rnext that no statistical grouping or . S

averaging could be apolied to improve the data. S -

3.5.7 The inhibit~-; tesied in this study included only those that were
either completely soluble cr easily Jispersible in 3% sodiim chloride soluticn
at cencentrations up to several hundred ppa. The soluble members included
sodiun chrozate, sodium ferrocycnide, sodium arsenite, and acetic acid saits

of certain long-:hain amines in aicchol solutic.. The dispersible mecders

consisted of solutions of long-chain anmine salts in hydrccarbor sclvents,

and a thicurea-formaldehyde condensation product. Yo attexct was pizde to
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coopare the variecus inhititors on any ecual welght or concentratisa basis. -
- Rsther, the ceoncentration used was usually adjusted as found nececsary - .
to produce 3 oinimam of B5¥ ichibiticn in a reasonably short time. Thus, _ "'"'—.
whatever ccopariscn might b2 made would be at abocut the same degree of -

-

vy

ahitition for each.

3.5.8 =esuits with Sodium Chrcoate

3.5.8.1 Scdiun chremate has a rerutaticn of being an ®anodic®™ indhidbitor

wha2a vsed in nestral or alizline media in the presence of oxygen. #n -
®ancdic® inhibiter 1s one which produces its eifect by causing the local —_——
. 9
ancdes te be polarizad rore strongly thss local cathodes, thus bringing . oo
the cerrosicen process undar ancdic control. Thera is availadble zl=cst no s
inforzztion on the use of thromate 3s an inkIv:ier in acid solutisns. It .-
is clear that in stromg acids chromate is zn accelerator ard nct an .2
. inhiritor (Ref. 27). In »2zk acids {& & 15 6) inhibition may be chserved -

unzZsr

©

ertzin conditicons. Tests were therefore m3de using sodiva chromate
in an attexpt to shed more licht con the rma2chanis of irhibition in acid solu-

. tion.

3.2.8.2 1iIritial testing =25 begun zt 50 pon sodium chrecate in > solution
eifect mas a three-fold increase in the
corsosion rate, accorganied by z shift of potential in the tathedic direction.
After iniection at 30 gpmm 23 bean continued for one hour, during which tiome
iittle change in the 2cc2lerated rate was cbserved, the concentrziion was

incr22sed te 100 ppe. There was no immediate change in the corroccicn rate,

but after about 30 minutes the rate began to decrease slowlv. After about

—— L, —
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four hours the rate had decreased to 15X of §ts original value, and had IR -:.: - :‘__‘-
begun to level off. At this point, the interface resistance, interface - ' -:_':'.::
capacitance, and nixed potential were measured. Representative data from :. ) .'_ ! 4____:'.~
one such run are given in Table V. - _:-‘-:-:‘-:'- -E:::
3.5.8.3 ®aen 2 cathodic polarizing current of 1672 ma/sq. cm. was appiied - N ..:;:-_':: -::_
to the inhibited surface, the potential underwent a rapid shift in the anodic T ‘A._::__—?

directicn, then drifted slowly toward more negative (more anodic) values over - -
a long period of tize. ®hen the polarizing current was shut off, the poten- e e L

tial changad enly very slowly toward its original vaive. This behavior i TRt

04 Shnu'wolts
}

indicated that the irrressed current was causing essentially irreversible RS oS
changes zt thie surface that were not related to the properties of the surface
at the tice the current was applied. Repea.ed attecpts to obtain stable

potential rez3ings in the presence of polarizing current were not successful.

For this reascn it was decided tc discontinue the investigaticn of sodium DR '_'."

chrezate in order to devote more time to inhibitors that might give oore

L ]

straightforward results.

W

3.9 Results with Sedivm Ferrocyanide

3.5.9.1 Sodium ferrocyznide was tested as an exampie of an inhibitor which

presuzzbly functions by forming an insoluble coopound by reaction with iron

or ferrcus ion at the metal-solution interface. Concentrations up to 50 ppay,

P

calculated as the anhydrous salt, Na4Fe(QI)6, caused only a small decrease
in the corrosion rate in 2 4 hcur period under the test conditions. A "

concentraticn of 200 ppa was necessary to reduce the corrosion rate rapidly, e

and resulted in 90-55% inhidbiticn within < hours. The surface c¢f the
electrode wzs blve at this point. Interface resistznce, capacitance, and

potential d»ta for one typicsl run are given in Tadle V.

a7
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3.3.9.2 Cathodic polarization was begun by using 2 lest current <f 0.5
ma/sq. tm. te check the general reacticn of the i-terfzce. Immediately
following the application of current, 3 shift cf pcesntial to 2 =ore ancdic
value and a decrease in corrosion rate took rlzce 25 exgectei. Felleowing
these initial changes, the potential continued to =cve tcward more anodic
(increasingly negative) values and the corresicn zize continued <o decrease
2s long 2s the polarizing current was flowing., Thss2 2-ifts were followed
for about one hour, during which there was nc in3izz-3Ion that conditicns
would heccme stable. At the end of this tipe, ti2 izgrocced turrent w3

shut off, whereupon the ceorrosion rate remained vzirly constant at the

same value as in the presence of irpre.sed current, xich was about 25 to 0¥
lower than the rate before current was 2pplied. It m:c szvident that ihe

polarizing current had caused relatively large chznmz2s in the interfsce

thus making the desired polarizaticn measurezents Sifficult to make.

3.5.9.3 The resclts of several additional czihodic runs x¥th soiivn ferro-
cyanide ware 2ssentially the saze as those dascrizes 2t re.  3Sacause of

this unstadle behsvior, 2n attecpt was rade to o=z=re the potential at

. .

cnly one point cn the curve: that where I, 13s Just «oificient io reduce iy

Ll ]

to zero. The required value of I, was estirmat

n
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local cell corrcsion turrent. This amount of currsct w33 zprliad 2ad the
new rotential was measured as soon as possible thesszitar. During the time
reguired for the m2asuring circuit to be adjusta? <¢ measurs the polarized
potential, which was about 1C seconds, a shift of 37 —r. hzd texen place.
The petential mas continving to change at a rete of 2 to 3 mv. per ninute
at this point. The 3pplied curront aas maintainsd Izr 20 cinutes, which

was long encugh ir —erni! 3 relizble measurement ©

' n
'
1

v

<=2 gorresicon rate.
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This prcved to be essentially zero. During the 20 minute pericd the

rotential changed by an additicral 17 mv., so that the total was 74 =v.

It appears that the difference in potentizl between the point where -9 .0 -9

! I, =0 and that where i AT 0 probably lies somewhere between 60 and 85 mw.

Secause of the lack of data, no =ixed potential cathodic polarization curve

is shown for this inhibitor.

-

3.5.9.4 A limited effort was mzde tc obtain anodic polarizaticn data for

scdivn ferrccyanide. A concentraticn of 200 ppn was injected to reduce

. fe 4 st eh ssrmebimenen
. . PR

the corrosicn rate rspidly. After three hours the rate was 15% of the

originzl. The injected concentr2tisn was reduced to :00 prm and ancdic
current was irprassed at 0.1 ne/sq. co. After an irmediate shift of the

potential in the cathodic direction, there was a relatively rapid drift

in the anodic direction. This was accompanied by & rapid decrease in the

interfa-e resistance and an increase 1., th& iocal cell corrosican rate.

-t oot

#aen I, was shut off, the potential remained more ancdic than before Ix

had been aspplied, and the lecal c¢21: corrosion rate remzined higher than

(s 2

ofore. Each cf these then slowly chanced toward their original values as

e inhihifor was again adscrbed cn zreas from which it had beesn remsvede.

94
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2n idea of the speed with which the interface was zltered by ancdic impressed

current was cbtained by repeating the adbove experiment with the interface

rasistarce and capacitance instruments in centinuous operation. #ith no

icpressed current flowing, the bridge clircuit (Section 2.9.3) was adjusted

to give 2 single straight line on the oscilloscope. The polarizing current

was then switched on whils observing the scope display. Imzediately upon
: applicaticn of izpressed current the line on the CRT face began to open
up into an ellipse. Razpid readjustment of the bridge cecponents to measure

the nex interface values indicated that a 10 to 15¥ decrease of Rf, and a

S0




corresponding increase in Cz, %32 occurred during the first S te 10 seconds
after the polarizing currant =3s arplied. When this current was shut off,
there was no irmedizte chano2 oo the CAT screen, showing that a change in
the interface had been pra2uces »h:ich persisted after current no icnger

fiowed.

3.5.9.5 ~Terause of this zyrs cf instsbility no attempt was cade to deter-
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curve for sodiun ferroryanide. 1Instead,

the potential was measured 2t aaly two poiats: {1) at I = 10 1lizes

the equilidbrium inkibited izzzl 221! current, gic)l -0’ and (2) at
x

Ix =120 (i ) -O’ at which I~ <hould have teen at or near zerc. Pcolariza-

tion Frocedure C was empics

d
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o
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nterface for the s=illest
possible tice to the imprezz23 current. Meacurements were rap2zisd several
tizes and the results averzz23. The ficures, expressed as the differcnce
betwneen the zero-impresseid-zurrant value and the pelarized valuz, and as a
range within which the ®rus?® wsive prcbably lies, werez {1) 30 - 32 v,

ard (2) 70 - 100 &v., res
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2.5.9.6 Local cell polarizzzizn dizgrams for scdiuvm ferrccyanide, dramn

from the available dat2, ara shoan in Figures 21 and 22. Cnly the 2nd-points
of the curves, i.e., the inizizl cixad potantial and open-circuit {zero

locsl cell current) potentizls, were kaown to any docree cof certainiy, so

the construction cerely involvas drawing lines Ta2tn2en these points. In ¢

Figure 21 the curves sre shiox 23 singl

o

dotted lines {iabelled 21 and C-1)
for the sare cf simplicity. I Fizure 22 anodic and cathedic ®iurves® are

shown 3s ragions boundad by J:oited lines. These regions are Zdrawn in such
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a manner that the probability that the ®true® curve lies outside thea is

quite low. The local cathode polarization region takes into account a
possible errer of # 50% in the estimated local cell current, which as
described stove, could not be measured directly because of the instability

of the iahititer film. In spite of the resulting dispersion of the data,

it may ©2 seen ti.at the trend 1 well defined and allcws definiie conclusions

to bte draan from the figure. These are discussed in Part 4.

3.5.1C Hesuits with Sodiim Arsenite

3.5.319.1 Scdiun arsenite has been used for many years 3s an innibitor for
both strong and wezk a2cid corrosion. The general =echanisa is believed to

involve rejdusticn to elem2ntal arsenic and consequent ®poisoning®™ of the

hydrogen eleztrode half-rezction on the steel surface. This action would
make arsenite primarily a ®cathodic®™ inhibitor, and should be revealed by

the share of the local cell poiarization diagran.

3.5.10.2 Sodiux arsenile was studied in solutions at p& 4.5. Injection of

50 pro calculated as xaAsoz preducsd a rapid chznge in the gotential toward
rore cethodic values. The decrease in the corrosicn rate fcllowed the

change of goctential with 2 lag of 15 to 20 minutes. This lag was not

= due to Insiri—ent response, as there is noc lag in the respuvase of the

zzi Corrocsometer {21though 3 period of about 15 nminutes is usually required to
5; estatblish positively that a change in corrosion rate had occurred at the
; teginning of this time pericd). In the above experiment, 75 to 80% of the

total ctserved potential change had taken place befcre the corrosion rate

o had changed by 10%. The sicnificance of this lag is nct clear.

.
‘.
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3.5.10.3 At the end of two heurs injection of 30 rpa RaAsd; a corrosion
rate of the order of 2¥ of the original had resulted, and was constant.
After measuring the zero-icpressed-current valves (See Tabie YV}, cathodic
polarizaticn was carried out without cuch diffic:ity, in contrast to the
trouble encountered with chrocate and ferrocyanide. The rixed potential

cathodic polarization curve cbtained is shown in Figure 18.

3.5.10.4 Applicaticn of anodic polarizing cuxrsnt to the electrode inhibited
with 50 ppa codium arsenite resulted in the szm= ceneral type of changes
of potential znd film resistznce as had been ncted with sodiwz ferrocyanide,
but to a lesser degree. The potential behavisr 3% Imcressed current greater
than 0.02 ca/sq. co. indicated that the film wss displaced rapidly upon
closing the circuit. This effect is shown clezxrlr by the data Table ¥1
belew. Here the values of iy, the total anodic curzent calaulated frca the
rate of metal loss, corresponding to several vaiues of I, are iisted,
together with the difference betwe2n these two w2lues. This difference 1s

equal to ic, the local cathedic current.

IASIE Y

CTATHOPIC CUREENT DATA DURING ANODIC POLARIZATICN
IN THE PESSZNCE OF SODIUVK ASSENTTE

1, (ms/c2?) 1 {ea/=?) g - 1, = i (mafcs®)
0 0.014 0.014
0.010 0.0 0.015
0.020 0.054 0.024
53
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As pointed cut in Sectiom 2.18, ic should decrease as I, {anodic) increases
cn a surface which Is not 2asic3lly altered by the passage of current. The
fact that ic actually Incvezsed in the case in question can only mean that

the surface was losing the xfscrled fila.

3.5.10.5 In view of this e€ifzct, 1t w-~ felt that potential and resistance
szasurecants in the presecce cf izpressed anodic curreat would have little
zezning. As a matter of izzzrest, however, the pctentlals were measnred
at a lizited nuzder of psiz2s, tvsing Procedure € to 1nsu-e the ninizw
expcsure of the film 4o th2 Sagrading action of polarizing current. This
=ixed potential data Is s> 35 small triangles on Figure 18. The shezded
ares shoen above the measi—es d:ts points represents a *best estimate®™ of

the region that the curve zxizi* sccupy If the inhibitor film had been

coerletely steble.

3.5.10.6 Lezal cell polarizztica diagrams for sodium arsenite are shown
in Figures 21 and 23. The c—ves were derived from the data of Figure 18,

using the procedure describe= iz Secticn 3.5.4 to calculate local cell currents.

13

In Figure 23, the local zell

3}

-~cd2 characteristic is shown as a regica rather

[

then as a line, to take ints zzcount the uncertainty of the peasure=ents.

i

-

ine significance of these &izzwzms are discussed in Part 4 of this report.
3.5.11 Results with Long-Chai= Aoines

3.5.11.1 1Llonz-chaln anmines zr= widely used as corrosion irhibitors in
2ildly acidic solutions. Xiizogen atoms with unshared pairs of electrons
are strongly zdsorbed on stesl, leaving the hydrscerken group oriented

toward the corrosive mediue. T2 resultant adsorbed .ilm is knomm to prelent




a high icredance to the flow of corrosion current, but little is known
about the effect of the film on the local half-cell electrode potentials
themselves. Local cell polarization diagrams for amines would shed light
on this and cther points of the mechanism by which these inhibitors

function.

3.5.11.2 Dilute solutions of the acetic acid salts of certain long-chain
anines in isopropyl alcohol wezze found to form clear mixtures with the 3%
brine at amine cencentrations belcw 100 ppm in the brine. The amines in

this category that w;re tes;ted were N-oleoyl diethylene triacine, N-oleyl
piperazine, and 1-{2-anino=thyl) - 2 - heptadecenyl imidazoline. The

overall behavior of each of these was quite similar under the test conditions.
At a concentration of iCO ppa actlve, each gave between 92 and 56 percent
inhibition frea alcohol solution. Zero-impressed-current data for 2

representative run using the imidazoline is given in Line 4 of Table V.

3.5.11.3 Tne cathedic polarization curves cade on electrcdes inhibited by
each of these three anine s2lts were much alike, and so the curve for only
one is shown as an illustratien. A representative mixed potential cathodic
polarization curve for the imidazoline injected at 100 ppm froa an alcohol
solution is shown as the upper curve in Figure 19. The curve appears to

be a strcight line at higher values of icpressed current {i.e., above 0.056

mafsg. cm.), and has no point of inflection such as-is evident for the

unirhibited surface.

3.5.11.4 The lower curve of Figure 19, is for the same amine salt injected

at the sace active concentrziics in diesel o1l as the solvent ratner than
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isopropyl alcchole The ofl solution dispersed ftself in the form of very

small droplets with the aic of the mechanical stirrer. The inhibiting .

action was slower than that of the alcochol solutica but after three heours
96% inhidi%lce was observed. The curves are similar in aopearance, the

cne for the oil solution belng sozewhat steeper in slope at higher values

of impressed current.

3.5.11.5 Ancdic polarizaticn of surfaces inhibited with these amines gsave

poor results. In each case the potentlal began to drift in the anodic

direction ippediately afier Iis initial cathodic shift follewing applica-

tion of polarizing current. The interface resistance decreased and the

SR
‘ .

interiace capacitence increassd during the anodic drift of poteniial, indica-

ting that tke irhibitor fil= was belng remcved by the action of irpressed T

current.
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! 3.5.11.6 Results from several runs involving the same anine salt but

' different cegrees of inhibitica 1 the range frox 32 to 39X showed that tae

: filn on =cre higaly inhibited surfaces was more resisiznt to removal by

R
PR

anodic current when I “S{iC)Ix=0’ but was still disrupted rapidly at

AN RO

currents greater than this. The film produced by the oil soluticn of the

LR I I 4
'

{ iridazolin2 21s0 appeared to e more temacicus than that produced by an

alcchol solution of this z=ine. TFor thls reascn an electrode treated with LT -_-; -

vt
L R I
]
.
.

a diesel o1l solution was chosen to supply the cnly consistent anodic e R R

polarization data for amine-type inhibitors that was cbtained. An effort e T e ._-'.;f

was r2de to measure the potential at just two points, as specified iIn ——

Section 3.5.3.5. The potentisl was highiy erratic during these measure- LT
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ments. Be2st flgures for tha2 two polential disgplacements were '_.- -
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(1) at1 =10(3;) ; =0* 40 to 60 rvy and (2) at 1, = 100(1c); ot 89

to 110 mv,

-

3.5.11.7 The dotted curves in the ugrer portion of Figure 19 bound the
mixed potential anodic polarization region for the surface inhibited by
an oil solution of the substituted imidazoline. The point corresponding

to lc = 0, 1ies off-scale to the right of the plot shown in Figure 19, at

leg I, = 0.4,

5.5.11.8 Figure 21 shows the local cell polarization diagram for the
inidazoline plus oil, derived from Figure 19. The local cell diagram for
the other amines would appear much the same. The expanded dlagram is
shown in Figure 24. The shaded area Letween the dotted lines indicates

the uncertainty in the position of the local anode curve.
3.5.12 Results with a Sulfur-Containing Organic Inhibitor

3.5.12.1 Thiourea and its derivatives are known inhibitors for acid
corrosicn of steel. It had been found that heating thiourea with formal-
dehyde under cortsin conditisns irproved the effectiveness of the parent
conpound(l). This type of inhibitor was of interest to the present study

because of the possibility of chemisorption by means of the sulfur groups

in the molecule.

3.5.12.2 A relatively rapid decrease in corrosion rate was observed

after beginning to inject 50 ppa of 3 condensation oroduct prepared from
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{1) Proprietary formulatlons developed by Magna Products, iInce -
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vne part thiourea and five parts of 34¥ formaldehyde solutior. The ’

y

corrosion rate was again constant at something less than 5X of its original

value within one hour after injection had been begun. Data from a typlcal

run with this substance is given in Table V.

3.5.12.3 The boshavior of the inhibited surface toward polsrizing current

was guite similar to that of the electrode inhibited with sodium arsenite.
Cathodic polarization was carried cut without difficulty, whereas anodic

oolarization gave evidence that the fila was being broken dewn, although RN

more slewly than was the case with the other organic compounds tested.

The mixed potential curves are shewn in Flgure 20,

3.5.12.4 The cathodic polarizatisn branch {lower curve} shews little or RTINSO
no horizontal portion at lower values of I, and appears guite stralght L4 - - LA - e

+x9? e O
at higher values of I,. The point shewn as *i, = O® was lucated by estima- T el

tion rather than by direct measurszent (See Section 3.5.4), using the IR

relaticnship -

{1.); _o=2(1,)
x iA-O AIx=0

-r %

ap-eymey
l‘i

found for the unirhibited surface. It is quite certzin that the sitiply-

ing factor to be used in the above equation lies between 1.5 and 2.5.

3.5.12.5 The region cf rmost probable values for the mixed potential during
anodic polarization is chown as a shaded area in Figure 20. It can be

seen that the shape and pesition of this region for this particular

inhibitor are quite similar to those of other inhibitors tested.
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. 3.3.12.6 Local cell polarization diagrams for the thiourea-folmsldehyde o

condensation product, as derived from Figure 20, are shown in Fgure 2}, ".-::

.
ard in expanded form In Flgure 5. The curve fer the local ansde LT .
potential is very close to a straight line, whiie the cathode line ) -.':::::

aprears as a gentle curve. These diagrams are discussed in Part 4, T
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PART 4. DISCUSSION

4.1 Analysis of fesitc from Use of the Tearson-Holler Bridge Circuit

2 == o

l 4.31.1 The relativelv lsrge disturbances observed to ccour at the interface
after sudden shifis in the DC polarizing current {rag:ired by the method of
balancing the Fezrson-Hsller bridge) were unexpected, inasouch as no such
behavior had been rezcrted by osther workers who have used this technique
(Refs. 13 and 12). Cross and Hackercan did state that *ihe bridge was too
unstable to pernit o2 blzank run for 211 cocparisoas,® but this repark was

mide to indicate i5z¢ the shape and/or positicn of the polarizetion curves

were not reproduceztlie, rather than to peint io erratic bkehavior during

: the balancing operaticn.

4.1.2 Tne disturZzance was quite sm2l) a2t s=21l valves cf zpplied curre'rt,

but at the sa=e tizs the IR drops wece relatively s=211 in this regicn, so

no close balance cf the Tridge was a2ressary. ihe largest disturbances

were observed in X2 recion of groatest irterest - thzt shere the local

cell current was 2% o= noar zero. Reference 1o Figure 23 {cbtained by

rpeans of the £.€. - D.C. icpedence bridge) shows »hy this was so.  Xote
that both Ry and 72X :_"a ged most rapidly in the regicn 2f I, on either

side of the point »¥=z2 i = 0. #hen Rp varies with I, ihe expression

for the change in Izidzes cuiput due to a chenge in I {See {S=e Acpergix B)

contains the term

&
00 e 4 Alx
iy

PO

waich is not present w¥iem Ry is 2 constant. Hence, when the rate of change
of Ry with I, s sut as is shoxa in Figure 103, the abrve term can beceme the

. major source of brifce cuipcrt, obscuring the true resistive bslance roint
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entirely. Why Cross and Hackerman (Ref. 13) and Sicruns (Ref. 14) did

not report similar behavior is not known. It may be that at the lower
temperatures at which these workers carried out thelr tests the rate of
change with respact to applied current was very small, or occurred very @

slowly and therefore did not interfere with the bridse balancing operation.

4.1.3 All known oethods for obtaining a resistive bazlance in bridge

circuits containing both resistances and ENFs depend for their effectiveness
on the assucpticn that all the resistive elements are constant with respect
to changes in current. Indeed, one primary reascn for using a bridge

circuit at all Is to perait autoz=atic canzellation of IR drops regardless

of charges 1in bridge current. The fact that Rp was not censtent under the
conditions of the present work would therefore appear to negate the usefulness
of this entire spproach where changes in D.C. —ust b2 used for adju<ting the

resistance balance.

4.2 Polarizatiorn Bohzvior - Nen-irchibited Surfaces

4.2.1 Cathedic Tojarizotion - Figure 10A shows that the reduced nmixed

potential, PD;, was censtant at 311 values of I,up tc that required to

raduce “A to zero. Equations 4 and 5 {Section 1.4) indicate that for ‘PDX_

to be constant, either (a) Ey, Ry, Ec, and Rg 2re 21l constant, or (b) these
szme four variables change in such a mamner as to leave ?DL constant.
Alternative {b) is highly icprobable, and is rejected in favor of {a).
Constant values for the E's and R's Imply constont true ancdic current density
and true cathodic current density {See Footnote, Secticn 1.1). This znalysis
leads to *he ccnclusion that the size of the true ancdic and cathedic areas

st change with the applied currer ¢ in sach a manner as to leave the
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- respective current densities essentially constant. When the applied

g current is cathodic, as In Figure 10, the total area undergoing anodic _:- :;- SCRCIIRE

'

.=

. local cell acticn becoses smaller as Ix is increased up 10 (Ix)ik__o. As - - ._j =

b
2

1, approcches (Ix)iAzc, the nuzber of ancdic sites becooes relatively small 5

'

0

and the distribution probably is non-iniform. Under these conditions the

simple relatlonship expressed by Eguaticn 4 probzbly no longer applies.

4.2.2 The theoretical relatlionship of pctential to polarizing current for

activation-controlled electrode processes has been treated by Stern

(Refs. 28 to 32). It is showm that no changz in the "potential® is to be

- expacted even on a cathode cf constent area until the icpressed curreat
becozes about egual to the originai Iccal cell current. Stern coes nst

define his ®potential,* however, znd it is not known whether he is referring

to PDj or FDp. It is probable that the cerrosien reaction studied hers is

diffusion. Thus, the potential behzvicr =ay bo expected to be cozplex and

1
|
’ subject to conirol by koth activatiza {for the hyd-ogan half-reaction) and
; difficult to analyze.

1

4.2.3 A contributing csuse for the =cre rapid change of potentizl in the
region of zero lccal c2ll current mcy b2 found in the dependence of nixed
potential on the ratio of znodic arsas to areas on the eiectrode surface

{Ref. 33). Figure 8 of Reference 33 _hows that, for elecirodes thzt exhibit

Tzfel beshavier, the potential wmoves shzroly in the znadic direction when
! ﬁd’.‘“ baccmes very soaii. Fere again, the mathematical znalysis 2pplies

l sis +tly only to Tperfect® elecirodas, bt helps to undarstand the cverail

behavior of the real electrode.
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4.2.4 Both 7D, and PDp shcw a poiat of inflection at cr near where 1, = 0. S

It {s apparent that the current corresponding to this inflecticn cc:ld be o

- )
used to determine the value of I, corresponding to 14 = 0. The relatioa- S

ship between this value of I and the original {zaxirem) value of i, ’::::
{egual to the local cell corrosicn current) cannot be determined frow the i f-:
polarizailon diagram, however. The ratio of (Ix)iA=0 to {1 A)max. {as :;
measured at I, = O)varied fro= 1.5 to 2.5 for several uninhibited runs. j'_::'j

A possible reason for such vasiation may be found in Equaticn A-4 of Appendix -

As :::.;‘..

i)

iA = 11_ * Ix( Re ) (Equation A-%) -

R +
‘R " Rc S -

This equation shows that the fraction of I, thst affects iA is deternined

by the ratio B¢ / (RA + Re) at any instent. If this ratio is different

)
’ III‘D"
e

froa one rTun to another, then i, will be a differeat function of Ix

L ..r'.c .
L0 o

accordingly. If i A in Egquation A-3 is set egual to zero, then we have

{1,) * Gy e B - (Equation 16} =
i = N - Ecuzatio

x'iy=0 = 2 YL 1,0 R 1,70 ] .

Substituting for ij from Equativn S, Section 1.4: s

o - € _ . :_\.

{Ix)ifo =3 (E&q_"_c) {zquatica 17) ‘o

RC iA=0 -~

Of the three quantities on the right of Equatien 17, (EA)ifO ard
(?i)ifo have been detersined as -0.875 v. vs. S(E and 30 oh:.s/::.z respectively, ";

but (EC)1A=O cannot be measured on a c—ixe® electrode.
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4.2.5 The curve for Ry vs. Iy shown in Figures 1G3 and 11B lends support

i to the view that local anodes areas are converted to cathodic areas by -

the applied current. As shown by Equsticn 7, R, is equal {o the parallel .-
- 1§

cocbination of Ry and Rp, the local ancde and cathcde resistancess - 7. -::"'
R = A fe (Equation 7) s N

R, +R .9 e 0

R, and Rg are the result of all individual ancdes, or cathodes, acting in S ol R

parallel. Thus, each 1s inversely proportional to the areas acting as anodes :g-'-:‘f

or cathodes, respectively. As the arez 2cting ancdicelly 1s decreased by
increasing Ix, EA increases greatly, while ‘fk’c decreases only slightly, in
1ine with the ccncept that the steel surface has a high ratio of cathodic
to anodic zreas in acid solutions. The net result is an increasse in §f.

Figure 1C3 shows that ‘ﬁf increases by a factor of three from the initial

4 meatei chrsss vt e aum

state to the point where i1, = 0. Beyond this point the surface is entirely

cathodic, and ‘i-if is seen to decrease with increasing 1., presuzmably because

previously imactive areas on the surface are thereby brought into play. This

statezent s scppoerted by the increase in the interface capacitance E‘f

¥aich occurs st higher valves of I {See Figures 12 and 11B).

4.2.6 Two distinct differences appezr betwezen the curves of Flgure 10

cbtained by aeans of Pelarization Procedure A, and Figure 11 obtalined by

- means of Polarization Procedure B. Cne is thst, In Flgure 10X, the potential

curves are flatler at low valurs of I and bresk more suddenly. The other

Jifference is the sharpness and symmetry of the peak in the curve for §f

. in Figure 105 25 compared %o the broader curve screwed to the left in

Figure 112. The curves of Figure 10 are beiieved to represwunt scmewhat
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- » better data than thcse of Figure 11, inasmuch as each point in the former "_-f;
: diagrar, «3s measured relative to a zero-impressed-current value takgn -
. ) izrediately before the said point. Thus, any off-set of the zero value s :':_-‘
. was taken into account. This was not true of the data shown in Figurs 11, .'_:.
ff:: where e izpressed current was increaced froa point to point without :
o retizning to zero. However, fron a gractlcai point of view, it appears ";‘;

that the possible errors Introduced by use of Procedure B on the unirhibited
surface are small in cecparison to the effacts to be expected from inhibitors
in the soluticn, and hence, when the polarizatio: airve is measured cnly to
serve 35 the starting polnt for a study of inhiditors, Procedure B 1s

referred for the ssving of tire it allows.

4.2.7 Figures 13 and 14 shiow the jocal anode polarizaticn curves corres-
poncing to dats obtalned by Polarizatlon Procedures A and B, respectively,
for the uvninhiblted surface. Along the X-axis is plctted the ratio of the

anedie 1o0zal c2ll current, (1 A)» to its maxim== value, measured when Ix = 0.

The mamitude of the zgbclissa is directly proportional to the average rate _ .,
of coerrosicn over the electrode surface. %o assumptions need be pade s
regarding the ares actually undergolng 2nodlic reaction. In the absence of )
z2thods 10 detercine the true local anode current density, it §s believed -'..;'_:-
that this methed of presenting of lccal cell pslarization curves is the e
ost generally useful of several methods appcaring in the literature. SRR
. 4.2.8 As shown in Figure 13, the total polarization of the local anode S
potential under the test conditions is considerable - totalling 150 mv. ®
as measured by Procedure A. Seventy-flve percent of the total occurs over ; -
-9
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cnly 5% of the range of 1 A hear 1& = 0. Thus, unless the entire polariza-

tion curve is traced, the relatively wide region over which the potential

is constant can give the mistaken rpression that the anodic reactfon is

only slightly polarized.

4.2.9 The so-called %open circuyit®™ ancde potential is s=en to be -0.875 v.

vs. SCE. No fundamental significance is attached to this value, except to

1 note that it was measure. when § A was zero and when no dissoived iron was

present in the solution. Soze concentration of ferrous fon other than zero

may persist near the metal surface as an adsorbed layer or as a laver of - o

solution trapped by the hydrogen gas blanket generated by the cathodic B 0

golarizing current.

The iron eclectrode is essentially irraversible in this EN

’
'
.

‘0

‘O'I.
.
AEAR
L}

soluticn, and so the Narnst Equation 1s of no valus in rpzking the analysis. T

4.2.10

0l
g

'
ot
’ 1] "
W
’ [
.

2ncdic Pelarizatjon -~ Figure 15 shows data cbtained by anodic o i

e 4

polarization of the uninhibited steel electrode under the test conditjonms.

These curves represent the behavior in the region of 1, extending froa near

zero te about 25% of the current regquired to reduce ic to zero. Criginally

[

it was plannad ¢o supply enough anodic polarizing current %o reach the )

i point where ic =0, but the amcunt of applied current required proved to be

far grezter than expected, and so the total change in ic produced xzs linited

e

by practical cocnsiderations of eguipment available and circuit design. The

portion of the polarization curve that was accessitle is of consideradble

value, nevertheless, for maxing ceoparisons with amodic polarizaticn 3dsta

cbtained when Inhibitors were applied.

Pz Vot s Blas™ s

4,2.11 If the pehavior of the suriace toward anodic polarization current were

strictly analogous to ihat toward cathodic current, the slope of tie line

Puvne e o8 6 Fvet b S804
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for PD; would be close to zero over the entire regior shown on Figure 15A -
The continuous decrease of Ry shcwn in Figure 15B indicates that cathodic __._
areas are being converted to anodic areas to a certain extent as Ix 1'_'.
increases. The shift of PDp, and along with it PDp, in the cathodic .'
direction probably results from tha fact that there 15 considerable resist- g-f:'::
anca to the conversion process, ard hence new ancdic areas are not created o
in proportion to Increasing anodic current. Therefore, the tyue anod:c t:\-—f
current density increases and the true cathodic current density decceases "-'_:‘
as ancdic icpresses current increases, resulting in a net shift of both
rotentials In the cathedic Girection. :._
4.2.12 The local cathode polarlzatior curve for the uninhibited steel -
electrode, shown in Figure 17, is quite different in sppearance from the
13cal anode curve of Figure 13. ({Soth curves are shown together in Figure ;g—
26 for more convenient compariscen). The curvature of the cathodic curve ZS:;:;
is sore or less constant throuchout its length, and the slope 1s stesper E:'_:E:
than that of the anodic branch, comzensurate with the greater tctal change -—-;

cf pcientlal of 0.43 v. as coxparad to 0.15 v. for the tctal arncde shift. '-—'
YNote that both urves have nearly the same slope during the first 10¥ of
the maximm local c2ll current, but that from that point on the local .-'_:j_:.
Cathodic curve has a much greater slope than the anode curve. :_
4,2.13 The best estimate of the open cixcult cathcde potential obtainable ::::.:
from the extrepolated local cathode curve is -0.200 v. vs. SCE. This is E:-‘:::‘
the same as that of the standard hvdrogen electrode, but probably only by ;!
coincidence. The surface is presumably behaving as a hydrogen electrode at
_.;
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i
equilibrivm when i = 0 {in sddition to the hichly polarized sncdic )
activity taking place), and therefore 2f the Neranct Equaticn for this half- :;;-:‘-' -
reaction (Equation 18} applies, the observed potential indizzies that ths :_,.____. “‘:- _-,G_',
activity of hySrogen gas at .. :f:

By = -i—:; log %82 {Equation 18) _ oo

3 L J
the int‘erfane was approximately sgual to the square of the hydrogen io5 Yol
activity, or about 107% M. The sweeping efiect of moving solution and ._-::_:_‘ :: S
@0, bubbles should maintain the pertial pressure «f H very low, especlally }- :‘_ - :
when ic = 0 2nd no hydrogen is being generated. '-._; == ‘. - ®

! 4.2.14 The naln use to be rade of (Eg); =00 OF {rDc)4 &0 in Figure 17, 1s as ‘f:'_:' =

3 a reference polnt from which %o ceasure the effect of inhibitors in shifting ~f =

: the open clrcuit cathede potential. As described in Section 3.5, the changes ' ® B ;_’ ‘.

in this value caused by most goed inhibitors was of the order of 200 ov., and :;-;.:-:: . RS
hence th uncertsinty of 50 mv. in (Ec)ic=0 does not greatly interfere with _:E:::: " -
interpretation of the data. . -
4.2.15 At the cutsel of this work, it was hoped that, once the local cell
polarization petential curves had beoen obtained, they could be resolved

) into two conponents, one electrcootive and the other resistive, in

‘ accordance with tquations 1 and 2, Secticn 1.2. Such a resclution would e
depend on being able to measure or estimate R, and Rp at any point. - ' _'.:':f::-_:-_..-
Unfertunztely, it was not possitle to measure these values separatelyy :.::. "-:'::. .
only their parallel cozbination R could be determined. - ' . 3 -;
4.2.16 Som> idea of the order of magnitude of the resistance per unit area :';_::- ;;-::S::::_ - -

- of actrral anodic area or of actual cathodic area may be derived froa the TN

; T

s -w
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respective values of Rg when io or 1 A respectively, are equal to zero.
Thus, from Figure 18&.'§k equals 30 ohwms cer sq- cm. apperent at ihe point
whare locz! anodic activity is stopped and the surface presumably is acting
entirely as a cathode with zhoul {he same fractiion of the total av-ilable

surface being utilized as when iz was not zero, Thus, the approximation

weuld be (EC)1A=0A=/ (5,-)-1‘:0 = .7 ohns per apparent sq. cm. Similarly,
Figure 1SA shows that ﬁf aporoaches 2 ohms per epparent sq. cm. as ig
approaches zero. iherefore, (§A)ic=0 = (Ef)ic:o = 2 ohms per apparent

sg. ca. These rust be regarded as degenerate values, considering the special
conditions under which they apniy. Furthercore, because they are resist-
ances per unit of area; they casnot be used to calcuiate the effective
values of Ry and Rp beczuse the respective z2reas actively engaged in trans-

ferring current to the solutlon were mzi kncwn or measurable.

4.2.17 A further coemplication in the stheme to rascive polarization curves
into EXF anu resistance terms is intrcduced by the variation in Ry, and ithus
of Ry and R, rroduced by varying the izprassed current. If RA or Rc were
censtant cver the entire region of iocal cell currert, then certain
Z2ssusotions micht be made and the straight 1line that would correspond to
the tern 1,R, or iCRc ight be drawn en the diagrams. As it is, this methed

can be suggested rut cannot be used.

4.2.33 The curve for PD, appears to b2 close to ihat which can be described

by a Tafel-tvpe equation. Using the general forn of the egquations

PD, =3 #b log i, {Equation 15)

ol

5

.
LIS
* « v
.
L LN

.
’
.

e e
‘e
.

P .
»

Pl
R

{
R

L Y
.

)
1]

.,
.l'l‘ll

v,y
.
]




TS TEMec s A e mser ey oy c@arm
- e - -

-~ - PR e T e e L R I T .

and setting a = -0.88 v. (corresponding to 1= 0) and b = +0.50 {calculated

using only the two end-points of the measured potential curve), a curve

indicated by the position of the small crosses in Figure 13 is obtalned.
The two curves might be sald to coincide within the normal amount of

var.ation in potentials measured from one rum to another. This would be a

Abvsbs S

4 significant observaticn were it not for s ral complicating factors. First, T RN
; in the Tafel Equation the symbol *i" in the 1og i term refers to the true -9 .-- '
current density, and thus if the total current is uced as a variable, it Lo RS

must be assumed that the area receiving that current is con-tant. But S ; ::

on the mixed electrode belng studied here, several indications ooint to

local ansde area which decreases with i in such a manner that the true A

Aderk
»

anodic current density is relatlively constant. If such is actually the SRR

case, and Zquaiion 19 does in fact apply, then only a small change in the

oot

local ancdic potential should have sccurred as I, was reduced. It is

apparent that too many unmeasured varlables are opsrating during polarizaticn -

by impressed cathodic current to permit a detalled analysis of the behavior. R P

The same remark applies aled to polarization occurring during application of = R
anodic current. Therefore, as stated previously, ithe primary usefulness of S AR -

the local cell pelarizatien curves tc the presené study is as a qualitative ,_“-.‘-

compariscn by which the effect of inhibitors may be judged. - RS _l-::
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4.3 Anglysis of Zero-Irpressed-Current Potential Data fer Inhitited Surfaces T AT

4.3.1 As shown in Table V, all inhibitors produted a displacement of the R R

zero-ispressed-current potential toward the cathodic {less negative) L DR

direction. Exanination of Figures 22 to 25 in conjunction with Figure 25 S

UL YOS

shows that all inhibiters tested moved the open-circuit potential of local T

anodes in the cathcdic direction by a2t least if9 mov. and some moved it

70
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over 200 mve In additicn, the egoilidriua mixed potential in the presence
of inhibitors was In every case a2t least 60 mv. rore cathodic than the

. cpen-circuit ancde petential. Thus, the sum cf these twd displacements
»as greater than 100 av., which plazed the inhidited mixed potentials at
wore cathedic values than the wamiidited =ixed potentials. In most cases
even tte open-zircait 1acal anode potential of the irhibited surface was
zere cathodic than the pelarized mixed potential of the uniphibited surface.

See, fcr exazple, Ficures 23, 2%, axd 5.

4.3.2 The total displsrezent of n=ixed potential for each of the six irribitor

runs tafulated in Taole ¥ is given in Table ViI.

ZERD-IMFRISSED-CINACNT sOTINTIALS SHTIFTS FRGM TASLE Y

POTINTIAL SHANGE (v

57
Sodiun Ferrocyanide 3R
Sxdive Arsenite 70
Alkyl Izidazoline - 1C2
Alkyl Imidazoline plus Cil 107
Thicurea Derivative 92

As shomr, the orgznic chexicals cave larger potential changes than did the

inorganic checicals gt the particmlar concenirations indicated in Table V.
- However, potential displacement Increased witd increasing concentraticn of

irhibitor in all cases, sc that tha relative cxder of displacerments was

3
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somenhat different depending on the concentration in the solution at the
time the potential was measured. For example, one run involving sodium

srsenite at 70 ppa gave a shifi of over 100 ewv. at 99.5X inhidition.

¢
£,3.3 Thoe p-lential sppeared to be more sensitive to the cencentration of

inhibitor in the solutlon than to the de-ree of film forsmation indicated

by the corrosion rate. As descridbed in Sectlon 3.5.8.2 for sodium arsenite,
the potential began to change izrmedlately aftér starting to inject the
inhibitor, even through the corrosion rite often required 15 to 30 minutes
to begin to change. This effect occurred in revesse after a constant
inkibited state had been reached. As soon as' the suprly of inhibitor was
cat off, the potential began to move toward more ancdic values, and yet the

corrosion rate remalned constant for sooe time.

4.3.4 Two experiments were carried cut to examine this phencxenon further.
in one, the systexw was inhibited with sodium arsenite, and after a constant
izhibited potential had been reasured, the inhibitor was shut cff and the
low of sclution was allowed to continue for 16 hours. At the end of that
tize, the percent inhibition had decreaced only from 98 to 8, but the
potential was 2ctually core ancdic tham it was before the inhibitor had been
injected. The other experimeant involved the oll soluticn of the alkyl-
iridazoline salt. The systex was first inhibited 98%, maintained there by
continucus injection for four heurs, then allowed to go for sixteen hours
witbcut irhibitor. Ichidition was still at 97% at the end of this time,
indicating gocd persistency of ihe adsorbed film. The poteatial had returned
to within 20 mv. or its criginal uninhibited value, nevertheless. It is
spparent frem these results that no correlatieon between the magnitude of the

poteniial shift and the effectiveness of an inhibitor is to be expected.
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4,8 tffezt of Inhibiters on Interface Resistance 3nd Capacfitance )

. .
4.4.1 It is of interest to cosp-re the chince in the interface resistance ——.-
and in the interface capacitance produced by each inhibiter, with the - -
cerresrending change in corrosion rate. Table YIII gives the oercent :—::
charge in conductance (lf.if), capacitance (Cg), «nd in cerrosicn rate for -

-,
the d3*.. chown in Table Vs - - 9
TASIE VIIX
INTERFACS CONDUCTANCE RD CAPATITANCE DATA _®
X DECRSASE ¥ DECREASE % DICREASE IN e
— - - . T
!_:—::EI'{CR L8 ar? f --“ Cf CQR.':QSIC.\I RA]E -_.. :_
Sediu= Chrozate 72 78 85 . @
- Sadium Ferrocyanide B4 3 95 .
Sodir= Arsenite %5 KL c8 .
Alxyl Izidazoline 30 43 93 .
Alky® Iaidazolinme plus 0Oil 8 EL S 58
Tnicure: Derivative 0 64 95
3. 8.2 ", ¢ .- 2 3 : 2 3
2.4.2 fg is a wvasure of R, and ?‘C in parallel, »hereas R;‘ ard R are in
serits in tha path of lecal cell terreosion current. I R, and R, 2re both -
increzsed by the same factor by the action of an inkibitor, then Hf would .
intrsaze by this sooe factor and changes in Ry would correctly indicate —_—
s
e
thanges in 3, R.. However, iF za iahibiler has ar umsegual effect on T
) RA and R, then Ry will change in an u=predictable cunner. It is regrettable - ~
that no ~=thad was {ound to ceasuse I-I'.‘ and Re s2rarately on the nixed ST
eiszirede. ’ __e
n - -
—_—— — - s e e e U e iea . Tl
. T - T . el
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4.4.3 MNo direct correlaticn is to be expected between either R or the

su= of RA and RC and the corrosio: rate, inasrmch as the local cell current
is a function both of local half-cell resistance and loca: haif-cell EMF!s,
35 sh0cwn in Equatlon 5, Section 1.4. A study of Table IX reveals that
changes in the EMF relatiohshipc procduced by inhibitors were ccnsiderable,

snd appeared to have an effect on the corrosion rate that was comparable to

o m o b

that of the cell resistances.

4.4.4 The fiqures for interface capacitance are listed in Table VIIT as a
ratter of interest. The interprataticn of the capacitive reactance eof an
electrode intexface is <tili on open guestien. Simsens (Ref. 14) contends
that no true capacitance exists, 2nd instead only an 2pparent capacitive
effact exists L2czause changes of potential lag behind changes in current
azress the interface. On the other hand most workers in the field of
hydrogen overvoltage talk zbout an electrical double layer ccross which
electricel charge can be trensferred rapidly. It is not the purpose of the

presant work to attespt to resclve these fundazental catters. The capacitance,

apparent or ctherwise, »3s m2asurad {0 indicate the decree to which the
layar of charged =clacules originally adsorbzd cn the steel had been
displaced by each inhibitor. From the data of Tsble VIII there appears o te

oaly a rough gualitative ccrrelaticn betwoen the decrease of Cc and the

decrease in local cell corrosicn.

P lpcttdie o b amer 4 bR e br e 11150 e bR SR ANNIBSSIB) Hoe  Praksls LaadT 221 ) TIVT VR ORY IR GV orIe) (P Ty )
. TP RTTPOpU TN

4.4.5 Tablie 7111 shows thsl the imidazouline iniected from an alcohol scluticn

into the brine in the absencte of 2il produced 2 0% incresse ia filn

e

resistance and 5 3% roducticon in corrosion. Simons {Ref. 14) reported

o tnddainte ¢

'
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that certain water soluble inhibitors, presumably s=ine salts, give

vt ‘,..m DA
DI : 1A

essentially no increase in ®film resistance® in his tests. 1t is possible
. that he did not take into account the slow rate of adsorption of this class
:. of ccopounds at low concentrations, and thus did not wait long encuch for ~
) the adsorbed layer to bz estzblished. Sirrons did find a strong effect j
. of 0il sclutions of arine irhibitors, and thus concluded that there sight _
be 3 fundamental difference Letween the mechanism of inhibition depending -i~
on whether o0il was present or absent. The results of the present work _,__.
- show, however, that the s=ines are strongiy adsorbed froce both water and oil :g
solutions, and that the role of o0il is probably cne cf adherence to the '~ .
"t3ils™ of the adscrded =lecules in such a manner as to further increase
- the resistance of the filo to penetraticn by water, hydroniua ions, ferrcus "’i
icns, and other species imvclved in th2 corrosion reaction.
- . 4.5 1ocal Cell Polarizatior Diacrszs for Inhibitors
- 4.5.1 Ceczpariscn of the fsur local cell pelsrization diagrans of Figures 22 ! ?
through 25 with each other shows that the observed polarization behavior -‘:_E::j
was very cuch the same regardless of the inrhibitor used. Because of this -~
similarity, the cifisrent inhibitors w=ill be discussad tcgether under headings "*i
that refer tec the behsvior cof the inhibitors as a group. i?if

.
N ]

K
L}
%

£.5.2 Cpen-zizenit Porentials. Table IX gives a compilation potential data SO
for the four inhibitors for which cosplete lecal cell data is avaiiasble. The =
9

values shomn for (E,)  zre probebly -all mcre cathodic {12ss negstive) than -

they shculd be, due to the effect of cathcdic polarizing current in increas- -

ing the zdsorption of ichibitors during the experimental procedure. For

sodivz ferrocvanide, the effect may be due to precipitaticn of unsciuble _9
' -
B -9
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Ssdium Ferrocyanide

Sodiun Arsenite

Imnidazoline

Thiourea Derivative
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1CCAL CELL POTEXNTIAL DaTA FOR INHISITORS

" ER-CIRCUITY

EQUILIZRIUN Crex-CIRCUIT
CATHODE POTENTIAL

MIXED POTENTIAL AMLCIE POTENTIAL

<) EC)O

{rez. vs

-£7 -73% to =775 -605 to -575

-572 to -542

-652
-535 to -4%5

-615

-632 -682 -%57 to -532

7%
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130 to 200

150 to 180

160 to 190

i30 to 150
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iron coxpounds closer to tre retal sur “ace of ancde areas made possitle by K

decrea.ing anodic cursent. For sodium arsenite, the clemical red=zieg IR

action of cathodic current cculd cause an accelerated depositiocn 1. exsanic 0:_.__ - ]
in clcse proximity to local anodes, tending to choke them off more than ::::
was the case pefore the polarizing current was applied. For tha oogaenic f:.‘ :: :-: :-_
compounds, which pressmadbly act primaerily Sy physical adsorption without ,-_4__’
) . e

chexical chanje, increased adsorpticn at anodic areas could result frem ‘j “_"ﬁ-_

the increased rate of transport cf posiiive ions to the surface wxdzr the N :
applied pctential grzdient, such positive ioans including those fxc= icnzatisn :_ :
of anirce ond ox'mu::-co:mu-nds in the acid soluticn. Xo definite ficure Q.' = ®

had -

can be placed on the magnitude of the error introduced by this theoroencn, -
but it probably is less than S0 ov. in all cases. No sicilar sizts—ent may

be cade for the wvaives of (EC) because no stable ceasursments cocli be ____ T
=2de, as described previsusly. The values shown have sirezdy osex ®iorrected® !“ !

for the fact that the proteciive filn was partially dastrcyed by the anodic s
current. -

hibitz3 curface

4.5.2 Reczall that the values for (F.\) and (= ) on the uni

were -E80 and -300 mv. respecti.caly. Thus, the open circuit locsl anode

potenticls were shifted in the cathodic direction by scoething tetween
130 and 200 ov. by the inhibitors exaninzd. 1Llikewmise, the cpran circuit

Jke

cathode potentials were shifted anywhere between 202 and 303 =v. in th
ancdic direction. The fact that any shift in open-cirwuit potentials

ccrurred at all is of considerable interest, inassuch as there zzpears to be

pu

>iters in
such a way that no change in open-circuit potentials is shown. Sch
\:vthal

diagrams are, of course, very often drawn with little if 27y experize

data to support them.
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£,5.4 There is some Justification for the assu=rtion that the cpea
circuit potentials of 1ocal cells remain roughly constsnt in the presence
of an inhibitor during the early stages of fila formation. The viewpoint
may be teken thct the formation of an-adsorbed irhibitor film serves to
inactivate that portion of the surface on which the film is adsorbed,

bat leaves the rexaining area the saze as befcre. In other words, the
electrode arsa is reduced but not otherwise aliered. Thus, as leng as
the elecirccheczical properties of the remaining areas are the same as
befcre, the correspending open circuit pstentials would presu=ably remain
unchanged. However, as film coverage bet ses wcre and more cocplete, the
retal is exposed to the solution cnly through s=all pores. Under these
circuzstances, the concentration of ions zifecting the electrede potential
of different areas ceases to bear any direct relation 1o the concentrations
in the Sult of the solutine. Products of the corrosioa reactiens such as
ferrcus ion and hydrogen gas are trepped in the porss; thus, the cpen
circuit petential of local anodes becemes oore tathodic and thai of the

local catnodes becemes =ore anodic.

4.5.5 1t may be seen froca Table IX that the difference teiween the open
circuit jotentials of ilocal anedes end cathodes variad between 130 and 200
silivelts for all inhibitors tested. This cay be cozpared to the open

circuit potential difference of 380 wmilivelts for the raiahibited surface.

Thus, the intibitlors reduced the copen cirzuit potential difference upen

- 7 - . e
the <urface to about 173 of its origin2l valve. Consequently, a cozres-

t

ponding zeguclion in the locel cell corrosich rate nay be accounted for
withcoutl any intrease in the slote oi e 1222) anade 3rd local cathode
polarizaticn curves. However, the remainder 2f the cbserved inhibiter

effeztivaness was azctcunted for by an increase of the siope of these turves.

Thiz aifect is discussed below.

&
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4.6 Polarization Resistance
£.6.1 A1l local cell polarization curves appear to be curved to soce extest. ‘ __
. -®
Thus, it is not meaningful to refer to any one of these as having a single =~
slcpe. However, for the purpose of analysis each curve may be assigned :_':-:‘f
an ®average polarizatlon resistance™ which is defined as the total chanoe ;--f':'.
of iocal half-cell potential from one end of the curve to the other, divided @
by the maxim= local cell current associated wlth that curve. This concept f ::-
Lo

of average prlarization resistance has utility in connection with local ; .
cell curves because only the end points of these curves have practical o
significence in the interpretation of inhibitor tehavior. -!—

4.6.2 Tabls X shows the values of the aversse goiarization resistance fow

¢ the anode and cathsde branches of local cell polarization dizgracs for

the uninhibited electrode znd the electrode irhibited with the four Inhibitoss -

for which local cell diagra=s are presented in Flgures 22 thrcugh 5.

.
e
'
’
o0 00

1i5LE X - .

AVZRAGE PCLARIZATION RESISTANCE - (APR) FOR I!IBITORS o

mZPRT  ANCDIC ":FR® CARKDIC R

IEIBITOR _(shas/c=R) {ohns/c=?) -

Kone 130 400 T

Sodiun Ferrccyanide 1000 1000 -::‘:::

. Sodiun Arsenite 2809 4000
Subst. Imidazoline 1500 2000

Thicurea Derivative 1500 2000 -

-9
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Note first of 331 that the pclarizaticzn resistance caloulated for

uninhibited local aodes ts roechly 10T times the interfaze resistance

of anode areas estirzeted as distusced inm Sectlon 4L.2.15. Tre

Casaz

polarizaticn re.iszznce shown for lscal cathodes is rouchly ten times the

interface resisiznce for catheles estimstad frca alternazting curreat

neasurecents. Thuos, If the valjes S2tsy=ined by alternsting current

measure—ent are 253223 to ke essentially correct for the true reosistive

compenent of tha t-ial polasizaticn, it is apparent that this cooponent

contributes cuch 3 suell affect o tha tstal change in potential that it

=3y be neglacted xithicet =xch 2rrcr.

4.6.3 Polarizaiion resistance fic zes shomn for inhibited surfaces are

~xis

also of the ordsr of f3n or oxXrs tizssz creater than interface resistarces

iere 2c3in, it sppears that the purely
$ of =gal gelarizziicnm stcovats for only 12X of the
coserved change iz potentisl, even thooch the resistive czoosnent Increases

ceasiderably In he grssence of zn efizctive inhibitor.

the four inhizitszs testeld ezs =i srezter than the vas

LI1Y

o

in the open circuit Igcel cell potenilials creduced by these nhibiters.

en 1nhibitors wes found in the
average polariz:zize rasistance. Th2se differences show clearly in
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scale. Aithough thas2 Sifferencss aim polarizaticn resistanze are interesting,

ccluvsions 3bout fasis differences

in the innibitor {iim uniass the &322 corly to measurenenis mad2 at the I
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same degree of inhibition. In clarification of this point, note from
Figure 21 that sodium ferrocyanide showed the poorest ishibition and
sodiun arsenite the best inhibitiong and at the same time Table X shows
tha‘c sodiun ferrocyanide had the lowest polarization reslstance on both
ancdes and cathcdes, whereas, sodium arsenite had the highest polariza-
tion resistance. Thus, it appears that polarization resistance {as
defined in Section 4.6.1) is more a function of the degree to which film
formation by an inhibitor is cocpleted than it is of the type of imhibitor
involved. Unfortunately, the exact amount of residval corrosion was
difficult to contrsl in the presence of the inhibitors tested. Ihus,

a comparable set of polarizaticn dizgrams measured starting from the

same inhibited corrosion current for ezch of the four irhibitors was not

available.

4.6.5 The results discussed ateve may be interpreted in terms of a
r2chanise of corrosion inhibition which involves adsorption of a protective
layer to an spproximately egual extent on both local arodes and local
cathodes of the mixed corrcding electrode. Althcuch the data indicates

a somewxhat stronger overall effect un cathodes, polarization resistance

at loczal ansdes was increased =ore than =2 that at cathode areas by

the action ¢f inhibitors. The fact that the fiiz= resistance was respoasible
for such a snall fraction of the total observed polarizaticn for these
inhibitors indicaes that the primsry =cde of acticn is 2 plasterind effect
by which most of tke original active area is inactivated and transference of

icas and molecules tharcugh resii:al cores in the protective layer is highly

21
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ispeded. The similarity in the polarization diagrams of the four inhibitors
exanined tends tc shcw that the protective layer in each case was rather
inerts that is, it did not take part in any electrochemical reaction

t1tself. Such ineriness was expected for the film depotited by sodium
ferrocyanide, the amine and the thiourea derivative. For sodium arsenite,
however, it was thought that a large area of deposited arsenic might act

as cathode for a few smell remaining a2node areas, thus promoting a pitting
action where fila formaticn was not complete. This guestion appears to
have been answered negatively by the very high value of poiarization

resistance determined from the cathodic branch of the local cell diagram

for sodium arsanite.

4.6.6 Throughout this discussion it has been tacitly assumed that the
percentage of corrcsion irhibitieon was 3 direct measure of the percent of
the surface covered by the protective film. As a ratter of fact, however,
no such correlation was established. At the outset of this work, it was
heped that the interface capacitance might prove to b2 some measure of
the electrochemically active area on the metal surface. Simmons {Ref. 14)
and viiwel s have showa lhel &a3scrpticon of inhibitor films causes a very
large cecrease in the interface capacitance as might ke erpected {rom the
displacement of the electrochexzical double layer aleng with the water
adsorbed at the oetal surface. As has been pointed out in Sectiion 4.4,

Table VIII shows that there was vexy little ceorrelatizn between the decrease
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in the interface capacitance and the decrease in corrosion rate for the
various inhibitors tested. Wheti.ar the measured value of the interface
capzcitance was not proportional to the residual active areas, or

vhether the corresion current was not proporticnal to the residual areas is
not known. Thus, little directly useful information bearing on the true
current density at local anodes and cathodes in the presence of inhibitors

was obtained from this work.

4.6.7 It may be noted that data for the reduced pctential, PDL, has been
oxitted from all polarization diagrams for inhibitors. Tnis was done
because the difference tetween the curve for PDL and that for FDp, was

less than 5 rv. at any point over the range of Iy that was of interest, and
this difference was never enough to give the curve for PD; any distinctive
features. As pointed out in Section 1.11, local ce«11 polarization :iagrams
in this report were constructed froa data for PDp and not from data for
PD;. It is apparent that, for practical purnoses of studying the overall
effects of inhibitors and comparing one inhibitor with another on steel
electrodes ismersed in salt water, the IR drop due to flew of pslirizing
current across the interface should be included in the polarized potential.
Tharefore, since IR drops through salt water solutions are negligitle
compared to potential changes at the metal-solution interface, good, useable
potential data may be obtained by direct measuremant from a reference

electrode located at 2 converient distance from the electrode surface.
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SUMMARY AND CONCLUSZICS

The following statements summarize the accomplishments and results of

the work car:ied out under this contract.

1. In crder to eliminate the effect of internal cell resistance on the :

electrode po*ential measured in the presence of polarizing current, a

circuit similar to a3 Pearson Bridge was constructeu and the technique of
super pdsition of small lncrements in the D.C. polarizing current was used
to adiust the bridge circuit. After consideradble testing, this circuit and

£
generaj method was Jound to be unsuitable Zor the electrode systex being

studied, primarily because of high rates of change of toth interface

1 resistance and electrode potential with change of polarizing rucrent in the

region where the local cell curreat is clese to zero.

: 2. A special impedance bridge was then constructed by means of which

MINTINAG S WAL AL (A S IPA bem At h | Lot AL FRLAN T OO A R0 LA AR BIMedrd B4 Bt Roie

the interface resistance and the interface capacitan~e shuntinj this resist-

ance could be measured without chenging the 3.C. polarizing current. This

WL,
A A T

circuit was used successfully throughout the remainder of the weork.

e

3. A zelatively simple equivalent circuit was drawn up to regrresent the

LR AR AR~ NN NPAR PRI Ao, o)

tal solution interface of the corroding electrode. All data was interpreted

- e

; in terss of this egquivalent circuit. It w23 shcwn that equations fer the

1ocal cell pelarization curves could be Serived simply from the electrical

analogy of the interface.

4. 1ozal cell polarization curves for the uninhibited steel electrode were

determined withcut difficulty with the help of a recording Corroscometer

which m23sured corrosion continucusly at all times during the runs.

®

L. h,
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The cpen clircuit potential difference between uninhibited local ancdes
and cathodes as indicated by the polarizatiorn. curves was 0.58 volts at

pH 2.5. The slope of the local cathode curve was considerably steeper
than that of the local anode curve as a result the equilibrfum mixed
potential was only 150 milivolts mcre cathodic than the cren circuit ancde

potential.

5. Lgcal cell polarization curves for a number of different types of
inhibitors were determined. Passage of polarizing current to cor Zrcm an

v inhitited surface produced irreversible effects at the interface causing the

arsunt of inhibitor adsorbed to change and often obscuring the true potential
behavior of the electrode. Disturbances were especially sevzre during snodic

° polarization and as a result data for inhibitors obtained under thase condi-

. tions had to be extrapolated to that corresponding to a tharcatical undisturbed :.‘_: :_:

stazc tefore it was plotted on the diagram. :'j‘_'_;:_.

1 R

6. MNore or less complete Jdata was obtained for four different irhibitors ___,_._

3 represanting four separste typas of inhibitor compounds. These were ‘_‘.'%

i i {1) scdiun foerrocyanide, {2) scoium arsenite, (3) a high-mglecylzr-weicht —-

g i sxine, and (4) a substituted thiourea. The local cell polarization dizgrams
; cbtained for there four inhititors were very similar to ezch other, indicating

thaet the mechanism of inhibiticn may be much the same for each. This mecha-

niss appears to invelve the inactivation cf a large portica cf tha electrode :_.'{:-::

BLERS Lo

. are2 by an inert film along with a deactivation of resicusl not ccvered by -

the protective layer. _'_’_
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7. The shapes of all local cell polarizatisa zurves obtained in this work

were complex and did not lend themselves ta sirrle analvsis in terms of

the sunm of a resistance term ard 2 logarith= term representing interface

resistance and activation polarization respectively. This was not suprising

in view of the evidence obtained to show that tacdes and cathodes were

converted from one to the other by the affect of polarizing current and

that both concentration polarization and diffusicn effects were present.

8. A concept called "average pclarization resistance® was defined as the

total polarization of local cell poteantial divided by the maxime= local cell

current. Average polarization feor irhibitors correlated best with the

residual corrosion current associated with t:2 inhibited state.

3. The general m2thod of studying corresizn and corresica inhibitors,
cerprising the ceterzinaticn of quantitalive lczal cell polarization data,
is potentially very valuatie. From a practizzl standpoint, its use would
appear to be limited by the time and effort reguired to ctiain peaningful

data, and by the instability of the pe2al surfzce toward passage of

inpressed current. The experimental difficuities invoived =3y e expacted

to vary widely depending on the particular metz! aad corrosive systen
Y Cep p

bot

nvelved_
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~ AVPENDIX A e
- R
A A Derivation of the Relationship Between the Direct S
s . Mixed Potential PDp and the Reduced Potential PDy N

€

LI
» Tonmp..
o
.

According to Equations 3 2nd & (Sections 1.3 and 1.4), PDP and PDL are

defined ass

PO, = E, iR, {Equation A-1)

J FD, = EA + iRy [Equation A-2)

Waen no izpressed current is flcowing to or from the electrode surface, i AT i,

L
ard so Py = PDj. When an impressed furreat Ix is flowing, 1 A will be greater

cr less than iL depending on whether the impressed current is anodic or cathodic.

nefersing to the eguivalent circuit of Fiqure 1, it is assumed that I, will be

distributed azccording to Kerchoff's laws. Thus the fraction flowing in Ry
is civen by
{1) =1, -/___EC_ (Equation A-3)
; A {31+ ”c
- Tnerefore
ig=; ¢ (IX)A =i I, '(R RE \ {Equaticn A-4)
A
Substituting Equation A-4 for i‘ in Equaticn A-is
. PDP’-'EA‘ iLtIxo(_f_C__) Ry
Ry * B¢
) =g, *+ R, ¢ 1 - [ ®& (Equaticn A-5) R
\Ry ¢ 7 o
1 SN :
- .'.-
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Noting that the expression in parentheses is the parallel sua of RA and

Rc, which 1s by definition equal to the interface resistance Rg, there

results
PD, = E, + ;Ry ¢ TR¢ (Equation A-6)

Comparison of Equation A-6 with Sguation A-2 shews that

(WTIRIYY

PD, = PD ¢ IR¢ (Equation A-7)

which is given as Egquation 6 in the text {Section 1.6).
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ATFENDIX B

Analysis of Zlectrode Potentlal Sehavior as Effected

3

¥ Changes in Polarizing Current

Zguation 11, Seciize l.15 expresses the overall potential difference

oeasured betmesn an electrede and a reference poirt in tne sclution (See Co f-‘:'_
Fisure 1) ass: ii . _
. bo- :
en = = _ - - L AAA

PD; =T £ IR S IR =Py ¢ I (Rg + R,) {Ez:ation B-1) °

if PDL is 10 be Z2ta21=ined, 1t is necessary to 2eliminzte the effect of -

resistances Ry and R;. A bridge circuit (e.g., the Pearsca Sridge) may be

used to accorplish tals =cre or less autcmatically, provided 25 1s constant
-
LS

3 changes in I used te adjust the bridge balance. In this

(g +r) A1,

. . a: . aép R
The ossemptisa is then =3de that ._.‘%- is s=all ccspared to Ri + RS. Khen
x

<%is is done, the errcr signal obtainsble frem the bridge circuit becormes
sroportional to 4hs 3ifferante ketween Rf + RS and the setting of one or
=cre arms of the briZzs, so that, at null, the contribuetion of the resistive

ter= of Equaticon F-1 Is cancelled cut, leaving PDy.

If —= is not =k szaller than Rp ¢ RS, then the balance point of a
a1
X
2ridz2 will not aciurately reflect the purely resistive cocpenents of the

&3
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cell. For steel in contact with brines, —- was much larger than Rf o
dl
x

R, except where I, < i ,,p.» SO that changes in I, could not be used
successfuily to separate the teras of Eguation B-1. In such circumstznces

it is possible to proceed by neglectinc the IR drops, as they will he swmall

when cozpared to changes in ?DL. However, this dces not solve the problea

of =2asurina Rf jtself.

ancther source of interferance that may be introduced by a change of

polarizing current (I,) arises when Ry changes with I.. If both PD; +nd

Rg are censidered functions of I‘, then the differential of Equaticn RB-1

beccmess

fap ;
Bieo, = C;::—‘) JANNES & ‘

da:\ )
dle'. AIx : Alx (R *+ R;) (Equaticn 3-3)

The second term of Zquatisa 3-3 is seen o contain I, 3s 3 facter, and

»
r

thus increases proporticnal to Ix’ Thys when Rf and RS are relatively low,

thezir effect o APDJ =3y be completely masked by the effect of a change

; 30
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